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GENERAL ABSTRACT     
 
Intensive tillage and monoculture cropping practices reduce soil C accumulation hence 
increasing soil vulnerability to chemical, physical and biological degradation. This study 
focussed on enhancing biomass production of wheat and oat winter cover crops as a means of 
increasing C sequestration in the low organic C soils of the central part of Eastern Cape 
Province. The specific objectives  were (i) to evaluate the short-term effects of no till and cereal-
fallow based crop rotations on; soil organic matter related parameters, pH and electrical 
conductivity, (ii) soil bulk density, water retention and aggregate stability,  (iii)  soil microbial 
biomass C and N, mineralizable N, soil respiration, and dehydrogenase enzyme activity, (iv)  
grain yield, soil nutrient concentration (N, P and K) and their  uptake by maize, and (v) to 
identify soil parameters with high sensitivity to tillage under maize-fallow-maize, maize-wheat-
maize and maize-oat-maize rotational cover cropping practices. 
The experiment was laid out as a split-plot arrangement in a randomized complete block design 
with 4 replicates. Tillage treatments (CT and NT) were applied on the main plots which 
measured 8 × 18 m while crop rotation treatments were applied in the subplots which measured 8 
× 6 m. The rotation treatments were maize-fallow-maize (MFM), maize-wheat-maize (MWM) 
and maize-oat-maize (MOM).  Weed control in NT plots involved preplant application of 
glyphosate to control mainly the grass weeds while post emergence weed management was done 
using Atrazine (485 atrazine and 15 g l
-1
 triazines). Initial weed control in CT plots was achieved 
through ploughing to a depth of 20 cm followed by disking while post emergence weed 
 iii 
management was done by hand hoeing.  Soil parameters measured were; (i) particulate organic 
matter (POM), soil organic carbon (SOC), total nitrogen (TN),  pH and electrical conductivity 
(EC), (ii) soil bulk density (b), moisture at field capacity (FC), aggregate mean weight diameter 
(MWD) determined by fast wetting (FW), slow wetting (SW), mechanical breakdown by shaking 
(MB) and the stability index (SI), (iii) soil microbial biomass C (MBC) and N (MBN), 
mineralizable N (MN), soil respiration (SR), and dehydrogenase enzyme activity (DHEA). 
No-till increased POM and TN compared to CT in Lenye and Burnshill, respectively. The MWM 
and the MOM rotations increased TN relative to the MFM rotation in Lenye. The MWM and 
MOM rotations enhanced SOC relative to MFM in all sampled soil depths at Burnshill and 
similar observations were made under MOM rotation in the 5-20 cm depth in Lenye. The MWM 
and MOM rotations tended to depress soil pH relative to the MFM rotation in both sampled soil 
depths in Lenye while NT reduced soil pH relative to CT on the surface soil layer in Burnshill. 
Soil EC and pH varied with depth across tillage practices but both parameters remained within 
the ideal range for successful crop production over the study period.  
Soil stability index (SI) and aggregate MWD determined by FW, SW and MB were higher in 
Lenye compared to Burnshill. The MOM rotation enhanced the SI relative to MFM and MWM 
rotations at both sites. Scanning electron microscope (SEM) showed that more organic C was 
incorporated into the soil under NT and MOM rotation compared to CT and MFM rotation 
which had few organic coatings on the soil particles. 
Microbial properties varied with plant biomass input as influenced by tillage and type of 
rotational cover crop at both sites. Like in other past studies, NT showed higher levels of MBC, 
MBN, NM and SR at the soil surface layer compared to CT in Burnshill. No till increased MN 
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relative to CT in both sampled soil depths in Lenye and resulted in higher DHEA compared to 
CT in Burnshill. The MOM rotation increased MBC, MBN, MN relative to MFM rotation 
especially within surface soil layer. Similar observations were made with respect to MN and SR 
in both sampled soil layers at Lenye. By contrast, the DHEA was higher under the MFM relative 
to the MWM and MOM rotations in Lenye but similar under the MFM and MOM rotations in 
Burnshill. 
Maize grain yield was not affected by both tillage and crop rotations but varied with cropping 
season. Comparable grain yields observed under the two tillage practices with similar fertilizer 
application rates indicated the advantage of NT over CT in saving on labour costs in maize 
production without compromising yields. High plant biomass retention under NT relative to CT 
contributed to high soil N and P levels under the former compared to the latter tillage practice 
especially on soil surface layer at both study sites.  
Principal component analysis (PCA) revealed that soil chemical and biological parameters 
closely linked to organic matter, namely SOC, MN, MBC and MBN showed the highest 
sensitivity to tillage and crop rotation treatments. Soil aggregate MWD determined by SW and 
b were the physical parameters which were highly altered by agronomic management practice. 
The MWM and MOM rotations were clustered together and clearly separated from the MFM 
rotation and this observed trend only applied to the 0-5 and 5-20 cm depths in Lenye site only. 
No till, MWM and MOM rotations enhanced POM, SOC and TN relative to CT and MFM 
rotation suggesting these practices have greater potential to improve soil chemical properties 
compared to intensive tillage and maize monoculture based production practices.  Reduced soil 
b under MOM rotation and improved SI under NT compared to MFM and CT, respectively 
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indicate that these practices have the potential to improve degraded soils. Although not 
significantly different, NT values for MBC, MBN, MN, SR and DHEA were higher compared to 
CT indicating the potential of the practice to improve soil biotic activity relative to conventional 
tillage practices. No till enhanced surface soil nitrate N and extractable P compared to CT at both 
sites revealing the long-term potential of NT in improving the supply of these essential plant 
nutrients compared to CT.  Principal component analysis showed that SOC, MN, K, P, MBC, 
MBN, soil aggregate MWD determined by SW and b were the most sensitive parameters to 
tillage and crop rotations. Therefore, these parameters could constitute the minimum data set for 
assessments of the impact of selected CA practices on soil quality attributes. 
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CHAPTER 1 
 
            INTRODUCTION AND LITERATURE REVIEW 
 
1.0 INTRODUCTION  
 
South African (SA) soils generally have an extremely delicate nature and lack resilience in 
comparison to the soils in temperate areas. Soils having low organic matter content (< 10 g C kg
-
1
 (FSSA, 1989, Mandiringana et al., 2005)) comprise 60 % of the total landmass of SA and are 
vulnerable to land degradation and low productivity (Van der Merwe & de Villiers, 1998). This 
status is further aggravated under agroecologies where once a virgin soil is ploughed over, the 
organic matter is rapidly oxidized, and nitrates are freely formed and lost through leaching and 
volatilization (Barnard & Newby, 1999). Further decline in soil organic matter (SOM) has been 
attributed to monoculture cereal production, intensive tillage, short to no fallow and virtual 
absence of crop rotation systems in commercial sector and overgrazing in communal areas 
(Banard & Newby, 1999). 
Dutoit et al (1994) found that 5 to 90 years of cultivation in the Free State resulted in loss of 10 – 
73 % of carbon (C) and nitrogen (N) relative to natural grassland. Similarly, soil C was depleted 
by 50 % in 50 years of cropping on a Hutton soil in Pretoria (Nel et al., 1996). Tillage 
accelerates C loss through exposure of soil organic C in inter-and intra-aggregate zones to 
microbes for rapid oxidation (Mahdi & Xinhua, 2005). Research using the scanning electron 
microscope in Australia has confirmed that there is substantial loss of soil microbial binding 
agents around the aggregates after cropping (Shephard et al., 2001). These examples confirm the 
negative impact that inappropriate land use practices could have on soil physical, chemical and 
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biological properties. Decline in receptiveness of soil to water infiltration, which in the context 
of the semi-arid South African landscape is the strongest single indicator of quality, is an 
outcome of soil degradation (Mills & Fey, 2004). Reduced infiltration is a precursor for runoff 
which ultimately leads to massive soil and plant nutrient losses through water erosion.  
Conservation agriculture (CA) is a farming technique that is increasingly becoming popular 
because of its ability to increase productivity while concurrently protecting and enhancing the 
land resources on which production depends.  The main CA practices involves minimal 
mechanical soil disturbance, maintaining permanent soil cover, enhancing crop diversity through 
crop rotations and use of cover crops (Dumaski et al., 2006). Other complimentary practices are 
use of legume fallows, compost, manures, and promoting agroforestry practices for fiber, fruit 
and medicinal purposes.  
 
Conservation farming entails selecting a set of CA practices compatible with the farmer’s 
socioeconomic conditions and seeks to ensure minimal soil disturbance, permanent soil cover 
and enhancing crop diversity. Conservation tillage is one component of conservation farming 
and refers to any method of soil cultivation that leaves the previous crop residues on fields before 
and after planting the next crop. No-till, strip till and mulch till are examples of conservation 
tillage practices and it is recommended that at least 30 % of previous crop residues remains as 
soil surface cover (Derpech et al., 2003). 
 
 Conservation farming was introduced in South Africa after realization that silt loads in some of 
the country’s principal rivers increased from 187 million tonnes in 1920 to 300 m tonnes in 
1950's (Ross, 1957). The Soil Conservation Act No.45 of 1946, aimed at curbing soil depletion 
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through erosion and desiccation, was legistlated to enforce the practice. The recently estimated 
annual soil loss of 2.5 t ha
-1
 by erosion is still excessive (De Villiers et al., 2005) and far exceeds 
the estimated soil formation rate of 0.31 t ha
-1
 yr
-1
 in case of a 1 m thick solum for all  tropical 
soil types (Du Plessis, 1986 as quoted De Villiers et al., 2005). Soil degradation alone costs 
South Africa an average of nearly R2 billion annually in dam sedimentation and increased water 
treatment costs. Biesenbach (1982) estimated that for every 3 tons ha
-1
 of soil lost annually from 
cultivated soils, the accompanying plant nutrient losses are 3, 2.4 and 33 ha
-1
 N, P and K, 
respectively. By 2007, and without considering their impact on aquatic life, the cost of soil 
nutrients losses through soil degradation was estimated at R1.5 billion per year (DoEAT, 2007).  
The Eastern Cape Province has not been spared by soil degradation processes that have ravaged 
most of the agro-ecosystems in the country. As a result, the Provincial Department of Agriculture 
has attempted to address the problem through the “Massive Food Programme” in which 
participating farmers are required to practice conservation agriculture (CA) techniques. 
Experience with no-till in Brazil indicates a clear tendency for yields to increase and the inter-
annual variability of the yields to decrease when soils were not tilled for more than 10 years 
(Roberto, 2000). At Zanyokwe Irrigation Scheme (ZIS), increasing crop diversity through use of 
rotational cover crops as a recommended CA practice would increase the cropping intensity and 
farmer returns. The aspect of conserving moisture and gradual release of plant nutrients under 
CA ensures that the increased cropping intensity does not result in rapid decline in fertility and 
soil moisture. The ZIS in the Eastern Cape Province initiated in the 1980s is one of the irrigation 
schemes participating in the Massive Food Program (Monde et al, 2005).  The potential benefits 
at ZIS and other similar smallholder irrigation schemes in South Africa remain to be 
demonstrated and quantified hence the decision to carry out this study.  
4 
 
Soil quality refers to the capacity of a soil body to function within the ecosystem and land-use 
boundaries in sustaining biological productivity, maintaining environmental quality and promote 
plant and animal health (Doran & Parkin, 1994; Bredja & Thomas, 1999). South African Soil 
Microbiologists and Biochemists Association proposed a set of soil physical, chemical and 
biological properties for assessing the impact of land use on soil quality (Haynes & Graham, 
2004). The parameters included in this set are similar to ones used by Larson & Pierce (1991), 
Doran & Parkin (1994) and Doran et al.1996). Measurements of infiltration, soil Ca and Mg 
concentration were additional parameters included in SA set due to their close linkage to water 
erosion (Nel, 1989; Bloem & Laker, 1994) which is a major form of soil degradation affecting 
over 50 % of the country’s arable land.  
1.1 STUDY HYPOTHESES AND OBJECTIVES  
 
The specific hypotheses of this study were:  (i) Conservation agriculture practices of no-till and 
rotational cover cropping have the potential to sustain and/or enhance soil physical, chemical and 
biological parameters relative to conventional tillage practices, (ii) No-till with maize-wheat and 
maize-oat rotational cover cropping practices have the potential to enhance maize nutrient uptake 
and yield over conventional production practices, and  (iii) soil organic matter related soil 
properties have greater sensitivity to CA practices. To test these hypotheses, this study was 
undertaken with the following objectives:  (i) to assess the short-term effects of tillage and 
rotational cover cropping on soil physical, chemical and biological parameters under irrigated 
maize production, (ii) to evaluate the interactive effects of tillage under maize-wheat and maize-
oat rotational cover cropping on maize nutrient uptake and yield under irrigation, and (iii) to 
identify soil parameters with high sensitivity to no tillage ander maize-wheat and maize-oat 
rotational cover cropping practices. 
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1.2 LITERATURE REVIEW 
1.2.1 Introduction 
 
Most of the crop production management practices introduced in agriculture in the middle of last 
century in order to increase crop yields lead to substantial degradation of soil quality and water 
resources (Doran & Linn, 1994). The impact of embracing these production practices in South 
Africa (SA) equally resulted in soil degradation which is now threatening sustainability of the 
soil resource base, food security and increasing poverty (De Villiers et al., 2005). The 
anthropogenic soil degradation forces lead to soil organic matter and nutrient depletion, soil 
sterilization and loss of biodiversity, soil erosion and compaction. South Africa has very limited 
medium to high agricultural potential land (Van Der Merwe & De Villiers, 1998) and realization 
of its full potential requires major soil rehabilitation efforts to improve its quality and hence the 
productive capacity. This review highlights the role of selected CA practices in enhancing SOM 
and its positive impact on soil chemical, physical and biological conditions for sustainable crop 
production.  
1.2.2 Soil organic matter 
 
Soil organic matter includes the recalcitrant C fraction, light fraction, macroorganic (particulate) 
fraction, mineralizable C, microbial biomass, soil carbohydrates and enzymes (Stevenson, 1994). 
The light fraction and macroorganic matter are mainly plant residues. However, residues derived 
from animals and microorganisms may be present in various stages of decomposition. These 
pools serve as readily decomposable substrates for soil microorganisms and short-term reservoir 
of plant nutrients (Burke et al., 1991). The macroorganic matter pool is more affected by 
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management practices and may provide an indication of the effects of soil management and 
cropping system than the total amount of organic matter in soils (Cambardella & Elliot, 1992). 
 
1.2.3 Effect of no tillage on soil chemical properties 
 
The build up of organic matter on the surface of no till (NT) relative to tilled soils has been 
attributed to less soil crop residue interaction as a result of limited soil mixing, lower rate of 
biological oxidation and less erosion (Unger, 1990). Enhanced soil aeration with tillage promotes 
rapid bacterial oxidation of soil organic matter (SOM), resulting in a net production of acid, 
while bases are either leached or removed in the harvest (Van Der Merwe et al., 2000; Mills & 
Fey, 2003). Under NT, soil disturbance is limited to opening the narrow slot for seed and 
fertilizer placement (Derpsch et al., 2003) while under conventional tillage, soil is ploughed to a 
depth of 20 cm followed by disking to ensure an even seedbed. Plant nutrients are held in soil on 
the exchange sites provided by the clay fraction, organic matter and the clay-humus complex 
(Fischer et al., 2008). Other nutrients are held as components of organic matter.   
 
Soil surface accumulation of organic matter under NT has been reported to increase cation 
exchange capacity (CEC) compared to conventional tillage (CT) (Karathanasis & Wells, 1989; 
David et al., 2006). Results of an earlier study by Tarkalson et al. (2006), showed higher soil 
CEC under NT compared to CT in the 0 - 5 cm depth under corn/sorghum/wheat rotations in 
Nebraska, USA. With greater CEC, NT has the potential of conserving plant nutrients. In an 
earlier study, Rhoton (2000) reported higher extractable Ca, Mn and Zn concentration compared 
to CT within the 0 - 2.5 cm depth after 4 years of NT on a silt loam soil in USA. No-tillage 
results in surface accumulation of carbon, nitrogen and phosphorus (P). Apart from contributing 
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to increased P availability through release of inorganic P from decaying residues, organic 
molecules released during organic residue decomposition could increase nutrient availability 
through blockage of P sorption sites and complexation of soluble aluminium and iron (Palm et 
al., 2001).  
Non tilled soils were also found to have higher silicon and exchangeable bases compared to other 
tillage systems (Karathanasis & Wells, 1989). Increased silicon and K in untilled soil was 
correlated with increased organic matter content. Organic matter increases high affinity binding 
sites for positively charged cations (K
+ 
and NH4
+
) that help retain and protect K
+ 
from leaching 
(Unger, 1990). Acidification of surface soil under NT is attributed to nitrification of ammonium 
ions and leaching of nitrates (Gollany et al., 2005; David et al., 2006). Under such 
circumstances, liming the soil may become necessary for addition and retention of exchangeable 
bases for sustainable crop production in this system (Bouman et al., 1995). Enhanced soil 
acidification under NT relative to CT was earlier reported by Tarkalson et al. (2006) whereby 
NT reduced soil pH by 9 % compared to CT in the 0-5 cm depth on a silt loam soil in USA. 
Acidification of the soil under NT may be contributed by release of organic acids upon 
decomposition of huge amounts of organic matter on the surface of the soil. 
Under South African conditions, increased soil C sequestration with reduced tillage was earlier 
reported by Mallet et al. (1987) at Cedara whereby the soil organic C levels with direct-drill 
exceeded those under conventionall tilled maize after a period of 8 years. In a more recent study 
at Midlands in KwaZulu Natal (KZN), soil organic C and microbial activity in the surface 50 
mm were greater  under zero than conventional tilled maize  (Dominy et al., 2001; Dominy & 
Hynes, 2002 as quoted by Du Preeez et al. 2007).  
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Nitrogen mineralization and immobilization are important processes in N cycle (Cabrera et al., 
2005). Nitrogen mineralization is conversion of organic N into ammonium N (NH4
+
) whereas N 
immobilization involves assimilation of NH4
+
 into amino acids by microorganisms (Paul & 
Clark, 1988). Microbial biomass and mineralizable organic reserves in no tillage may represent 
either a source or sink for plant available N depending on climate, cropping system, or temporal 
changes in soil environment. Crop residues with a C/N ratio greater than 25:1 will result in 
immobilization or reduced residue degradation (Kumar & Gor, 2003). They found that oats, peas 
and barley with C/N ratio < 30 showed N immobilization for 40 days followed net N release in a 
110 days incubation period. However, wheat and ryegrass with a C/N ratio > 50 showed N 
immobilization throughout the period of incubation without any net N release.  
 
1.2.4 Effect of no tillage on soil physical properties 
The structural organization of soil aggregate determines the amount of oxygen and water 
available in the soil (Ladd et al., 1996). The binding substances for aggregates have mineral or 
organic origins. Mineral substances are particularly important in tropic and sub-tropic regions, 
where stable aggregates cemented by iron result in higher water infiltration, even after prolonged 
rainfall (Danahue et al., 1977). Organic substances affecting aggregation are derived from fungi, 
bacteria, actinomycetes, earthworms, and other forms through their feeding and other action on 
plant materials (Burns & Davies, 1986). Further, plants themselves may affect aggregates 
through exudates from roots, leaves, and stems; leachates from weathering and decaying plant 
materials. The loss of SOM through tillage has been linked to loss of aggregate stability (Mills & 
Fey, 2003). Soil organic matter increases aggregate water repellance therefore minimising their 
disruption and breakdown (Chenu et al., 2000).  
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The primary advantage of conservation tillage systems is improved conservation of soil and 
water resources resulting from maintaining crop residues on the soil surface (Mallet, 1983). The 
high levels of organic residues on soil surface reduce the speed of wind (turbulence) near soil 
surface and lower the rate of water loss through evaporation hence maintaining high soil 
humidity (Unger,1990). The soil temperatures may also be reduced through ability of the crop 
residue to reflect much of the solar radiation and through the high specific heat capacity of stored 
water. Unger & Parker (1976) demonstrated that soil moisture losses through evaporation 
decreased with increase in mulch thickness. Effective soil surface coverage was better achieved 
with low-density materials such as wheat straw than higher density materials such as sorghum 
stubble.  
The mulch also reduces the kinetic energy of the raindrops and this reduces both disruption and 
detachment of the soil particles (Unger, 1990). The sealing of soil micropores and macropores is 
significantly reduced under mulched conditions compared to bare soils. The surface residues also 
reduce the speed of water over the soil surface hence increasing infiltration and soil water 
storage capacity. In South Africa, Thompson (1965) demonstrated that organic trash 
accumulation between sugar cane rows improved soil moisture levels which resulted in increased 
cane yields in KwaZulu Natal.  
 
1.2.5 Effect of no tillage on soil biological properities 
 
Soil organic matter  (SOM) is the energy source for the multitude of soil microfauna and flora 
and as it decreases, so does species diversity and numbers, resulting in soil sterilization and 
jeopardizing ecosystems resilience. Soil micro-organisms are the driving force or catalysts 
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behind the decomposition of the organic matter in the soil (Smith & Paul, 1995). Production 
practices of monoculture and CT deplete SOM and promote soil fauna and flora imbalances (De 
Villiers et al., 2005). Lai (1976) found four to five times greater earthworm activity in no-tillage 
areas than in ploughed soils in the tropics. Improvement in soil structure, enhanced moisture 
retention and high organic substrates could be linked to high biotic activity under NT compared 
to CT. Under temperate conditions in northern Brazil, Derpsch et al. (1986) found that the 
population of earthworms doubled after practising NT for 3 years. The population of arthropod 
was also six fold higher in NT compared to conventional tillage with soybean-wheat rotation.  
 
1.2.5.1 Microbial biomass  
Soil microbial biomass (MB) constitutes the active fraction of soil organic matter whose rapid 
turnover is important as potential source of nutrient elements (Jenkinson & Ladd 1981; Singh et 
al., 1989). The soil MB is important in transformation of nutrients added into the soil and also 
constitutes a labile pool of C, N, P and other nutrients. The availibility of these nutrients depends 
on their turnover rates through the MB (Van Veens et al., 1987). Seasonal fluctuations in soil 
conditions greatly influence microbial activities and the cycling of nutrients through these 
microbial agencies (Sparling et al., 1989; Mc Gill et al., 1986).  
Recognition of key roles played by microorganisms in the functioning of ecosystems has led to 
increased studies on MB and the nutrients held in it (Anderson & Domsch 1978; Brookes et al., 
1987). The relationship between microbial biomass and SOM as influnced by tillage has been 
reported.  Alvarez et al. (1995) observed amounts of coarse plant debris and organic C to 
decrease in order of NT > chisel > CT and microbial biomass followed a similar pattern in  the 0-
5 cm soil depth. They also observed that organic matter in the 0-5 cm depth under NT and chisel 
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tillage was composed of more easily decomposable materials compared to CT. In another study, 
Franchini et al. (2007) observed higher microbial biomass C and N under NT relative to CT with 
cereal and legume rotations in Brazil. The stimulatory effect of organic matter amendments on 
soil biomass was demonstrated on saline soils where compost application more than doubled 
microbial biomass C and P in Pakistan (Muhammad et al., 2007). Similarly, increased 
microbiological and biochemical activities resulted in higher polysaccharides production, 
phosphatase and estrase enzyme activities with manure and green crop residue application to soil 
compared to the control (Valarini et al., 2002). 
1.2.5.2 Measurements of microbial activity 
 
Microbial activity includes all biochemical reactions catalysed by micro-organisms in the soil 
(Alef, 1995). Potential microbial activity can be measured in the laboratory with or without 
additional substrate, whereas actual microbial activity can only be measured in the field or on 
undisturbed soil samples from the field. The main constraint for the assessment of the actual 
microbial activity is due to the difficulty in differentiating between microbiological and 
microbial activities (Alef, 1995; Nannipieri et al, 1990). The accuracy of microbial activity 
assessments based on CO2 evolution are complicated by contribution from respiration from plant 
roots, other living vegetative organic materials and the CO2 contribution from the rhizosphere 
(Rochette et al., 1999). Microbial activity related CO2 evolution is attributed to the respiration of 
fungi and bacteria while soil animals especially the mesofauna (< 2 mm) may contribute to CO2 
evolution in soils. Several techniques are now available for the measurement of microbial 
activities. The most widely used include: Adenosine triphosphate (ATP) determinants, 
fumigation-incubation technique and fumigation-extraction method.  
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The ATP is one of the molecules that carry energy inside living organisms. The principle of this 
method is that most of the energetic processes in the living cells are governed by ATP. The 
estimation of the ATP in soil is used to determine microbial activities and soil biomass. The 
main problem of this method is lack of efficiency of the extraction of ATP. During extraction, 
ATP can be absorbed by organic and mineral colloids (Sparling & Eiland, 1983; Brookes et al 
1987). The second problem is that the ATP can also be extracted from roots or other biota 
different from the microorganisms. 
 
The principle of fumigation-incubation technique is that a portion of the biomass is destroyed 
and made susceptible to mineralization by fumigation with chloroform vapour (Kuhnert, 1996). 
The CO2 released between the treated and the control sample is used to estimate the amount of 
degraded C. The fumigation-extraction method relies on measurements of the chemical 
constitiuents released from the dead micro organisms (Jenkinson & Powlson, 1976; 
Franzluebbers et al., 1996).   
 
1.2.5.3 Soil enzymes 
 
Enzyme activity in the soil environment is considered important to contributing to the overall 
soil microbial activity and soil quality (Dick, 1994). Enzyme activities are an important index of 
the biological activity of soil because they are involved in dynamics of soil nutrient cycling and 
energy transfer. Enzymatic activities are closely associated with soil fertility as they mediate the 
conversion of unavailable form of nutrients to forms that are readily assimilable by plants and 
microorganisms (Dick, 1984). Soil enzymes are studied indirectly by measuring their activity via 
assays since it is difficult to extract enzymes from soils. However, invitro assays measure the 
potential activity under natural conditions of substrate supply (Dick, 1992). The incubation 
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conditions used ensure near optimal rates of catalytic substrate conversion, making it difficult to 
relate the activities to those occurring in soils.  
Past studies have revealed that enzyme activities are correlated with the organic C content of the 
soil. Aspertase enzyme activity was reported to increase with amount of crop resisue retained 
irrespective of tillage in Winscosin (Senwo & Tabatabai, 2005). Roldan et al. (2003) reported 
increase in dehydrogenase enzyme activity with increase in residue cover and N application in 
poorly structured sandy loam soil in Mexico. Dehydrogenase enzyme activity plays a key role in 
biological oxidation of organic compounds, which is regarded as a dehydrogenation process. 
Therefore, estimation of the dehydrogenase activity as proposed by Skujins (1976) would show 
the average activity of active population of microorganisms in the soil. 
 
1.2.6 Ecological benefits of rotational cover crops 
 
Soil health relates to the ability of the soil to fulfil its functions which include: 1) retention and 
release of nutrients and other chemical constituents, 2) promote and sustain root growth, 
maintain suitable biotic habitat and, 3) respond to management and resist degradation (Karlen & 
Stot, 1994). In CA, soil health is promoted via increasing cropping diversity through crop 
rotations, cover crops and agro-forestry practices (Dumanski et al, 2006). Cover crop improves 
soil quality by increasing soil organic matter which enhances soil structure, as well as water and 
nutrient holding and buffering capacity of soil (Patrick et al. 1957). Low nitrogen is a constraint 
in most of the smallholder cropping systems in South Africa and significant N inputs from 
various legumes are needed to obtain grain yields in excess of 1 t ha
-1
 (Whitbread & Pengelly, 
2004). Legume cover crops have the ability to fix atmospheric nitrogen gas into biologically 
available mineral N (NH4
+
). Some legumes have high “N-fertilizer equivalency” in that they 
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provide a substantial quantity of nitrogen to the succeeding crop and hence reduce the need of 
chemical fertilizer required to meet the nutritional requirement of the crop (Thiessen-Martens et 
al., 2005). 
Non legume cover crops take up surplus N remaining from fertilization of the previous crop, 
preventing it from being lost through leaching, or gaseous denitrification or volatilization 
(Thorup-Kristensen et al., 2002). The nitrogen contained in the non legume crop biomass is 
released for the next crop use once the crop residues are either incorporated into the soil as green 
manure or upon decomposition when left as soil surface cover (Thomsen & Christensen, 1999). 
Vast cover crop root network help anchor the soil in place and increase soil porosity, creating a 
suitable habitat for soil microfauna (Tomlin et al., 1995). Dense cover crop stands physically 
slow down the velocity of rainfall before it contacts the soil surface, preventing soil splashing 
and erosive surface run off (Romkens et al., 1990).  The different rooting depths of cover crops 
help in breaking compacted soil layers and mobilizing and recycling of nutrients. In KwaZulu 
Natal, green manure cover crops are planted for short duration fallow between sugar cane crops 
at the end of 5-7 year growth cycle to regenerate soil fertility and reduce nematodes (Derpsch, 
2003).  
Physical, chemical and biological parameters have been used to determine soil quality. A large 
number of these parameters could be tested resulting in large quantities of data. Data reduction 
techniques like principal component analysis are necessary for identificaction of key soil 
attributes with highest response to no till with rotational cover crops. Future studies on 
assessment of impacts of diverse land uses on soil quality could rely on such proven reduced set 
of parameters for enhancement of cost effectiveness in such research work.  
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1.2.7 Effects of no till and crop rotations on maize performance 
 
The soil moisture conservation aspect of no till has been associated with reduced yield variability 
compared to conventional tillage (Roberto, 2000; Erenstein, 2003)).  Tottis de Zeljcovich et al. 
(1984) demonstrated higher water use efficiency for the no-tilled than for conventional tilled 
corn in a long-term tillage trial.  Under no and conventional tillage 14.5 and 10.6 kg of grain 
were produced for each mm of actual evapo-transpiration, respectively.  This represents a thirty 
seven percent increase in the water use efficiency under no till compared to conventional tillage 
(Zeljcovich et al. 1984).  In South Africa, a Landcare Project implemented by the ARC at 
Bergville district in KZN showed a 75 % maize yield increase under farmer managed reduced 
tillage practices between 2000 and 2005 seasons (Smith et al., 2006). Improved maize 
performance after a legume crop is mainly attributed to N fixing ability of the legume and such 
yield advantages were demonstrated in the Free State province of South Africa by Nel et al. 
(2003) who observed a 2 t/ha increase in grain yields in a maize-pea rotation compared with 
unfertilized continuous maize. At Bethlehem, Free State, Nel et al. (2003) reported yield 
increases of 13 and 29 % for 2-year soybeans-maize and 3-year maize-dry bean-wheat rotations, 
respectively.  
 
These potential environmental and economic benefits of CA remained to be demonstrated and 
quantified at Zanyokwe Irrigation Scheme and similar smallholder irrigation schemes in SA 
hence the decision to carry out this study. The main aim of this study was to evaluate the 
possibility of using the high biomass produced by wheat and oat winter cover crops to enhance C 
sequestration in soils of the central part of Eastern Cape Province which have low organic C 
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levels (Mandiringana et al., 2005; Snapp et al., 2005).  Improvement in soil organic C was 
further expected to impact positively on both soil physical and biological attributes included in 
this study. 
 
1.2.8 Principal Component Analysis 
 
Principal component analysis (PCA) is a data reduction technique through linear combinations of 
the original variables (Martens & Naes, 1989). PCA identifies a new set of orthogonal axes 
referred to as principal components (PCs) and the values of the new variables are the principal 
component scores. The PCs explain the maximum of residual variation and only a few key PCs 
that account for the greatest amount of total data variance are therefore utilized to represent the 
whole data set in a simplified manner (Sena et al., 2002).  
Principal component analysis has been successfully used in soil quality studies. In this respect, it 
has been utilised in identification of indicators for assessing the changes associated with different 
management systems and/or the unintended anthropogenic influences on the soil environment 
(Brejda & Moorman 1999; Sena et al., 2002). Using PCA, Wander & Bollero (1999) identified 
selected soil biological and physical aspects as influenced by organic matter to be the most 
altered soil property by agronomic practices. Using both ANOVA and PCA they showed that 
soil inherent characteristics had less influence on soil biological condition and agricultural use 
impacted most negatively on soil biological activity. In Brazil, Sena et al. (2002) utilised PCA to 
discriminate cropping management practices involving use of chemical fertilizer/pesticides and 
crop residue/effective microorganisms. Higher microbial activity with ecological farming 
relative to conventionally managed farms demonstrated the positive attribute of organic inputs 
and reduction of pesticide use on soil conditions. 
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1.2.9 Hierarchical Cluster Analysis 
 
Hierarchical cluster analysis (HCA) is a technique for pattern recognition (Sharaf et al., 1986). It 
allows for aggregation of objects in a stepwise manner according to similarities of their features. 
Points corresponding to objects are grouped together based on their similarity. The nearness of 
points in the n-space reflects the similarities of their properties (Sena et al., 2002). The results 
are presented in form of dendograms therefore allowing visualization of the distances between 
objects. Hierarchical cluster analysis has been utilized to complement PCA in classification of 
areas according to management practices using important indicators of soil quality (Maddoni et 
al., 1999; Sena et al., 2002) 
 
1.3.0 CONCLUSIONS 
 
Based on literature reviewed, it is clear that SOM as influenced by tillage and crop rotations has 
strong influence on chemical, physical and biological aspects of the soil. This ultimately 
determines how well the soil body fulfils its ecological functions.  Understanding the impacts of 
agronomic management practices on soil body provides an avenue for sustainable use of the 
resource. Further, identification of suitable indicators of changes in soil conditions as occasioned 
by management practices provides a cost effective option for future studies on assessment of 
impact of crop management practices on soil condition. The proposed study focuses on the short-
term effects of tillage and cereal-fallow based crop rotations on soil organic C accumulation. 
Further, it provides an understanding on how SOC accumulation impacts on soil chemical, 
physical and biological properties and attempts to link these changes to maize performance. 
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CHAPTER 2 
 
TILLAGE AND CROP ROTATION EFFECTS ON SELECTED SOIL CHEMICAL 
 PROPERTIES OF TWO SANDY CLAY LOAM SOILS AT ZANYOKWE 
 IRRIGATION SCHEME, EASTERN CAPE, SOUTH AFRICA 
 
2.1 ABSTRACT 
 
Soil organic matter (SOM) has strong positive influence on soil quality. Therefore, enhancing 
soil organic carbon stocks with reduced tillage and use of crop rotations could improve the 
quality of degraded soils in central part of Eastern Cape Province, South Africa (SA). The 
impacts of no-tillage (NT), conventional tillage (CT), maize-fallow-maize (MFM), maize-wheat-
maize (MWM), and maize-oat-maize (MOM) on particulate organic matter (POM), soil organic 
carbon (SOC), total nitrogen (TN), pH, and electrical conductivity (EC) were evaluated on two 
sandy clay loam soils under irrigated maize production in Lenye and Burnshill. These parameters 
were measured at the beginning of the study in 2005 and at the end of the study.  No-till 
increased POM in Lenye and TN in Burnshill compared to CT on the surface (0-5 cm) soil layer. 
The MWM and MOM rotations enhanced SOC relative to MFM in Burnshill. Soil pH and EC 
remained within the ideal range for crop production over the study period. The observed 
enhancement in SOC under NT and crop rotations emphasized the positive role of these practices 
in enhancing C sequesteration C and in improving degraded soils. 
Keywords:  Tillage; crop rotation; soil organic carbon, particulate organic matter, total nitrogen 
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2.2  INTRODUCTION 
 
Depletion of soil organic matter is known to affect the sustainability of crop production in many 
agro-ecologies in South Africa (Van der Merwe & De Villiers, 1998).  This scenario could be 
more important in the irrigation schemes like Zanyokwe Irrigation Scheme (ZIS) where the 
intensity of cultivation is often high. Dutoit et al., (1994) reported that 5 to 90 years of 
cultivation in the Free State resulted in loss of 10 – 73 % of C and N relative to natural grassland. 
Similarly, soil carbon was depleted by 50 % in 50 years of cropping on a Hutton soil in Pretoria 
(Nel et al., 1996).  Van der Merwe & De Villiers (1998) concluded that increasing the organic 
matter content of soils is the only way to curb and reverse soil degradation in South Africa.  
The soils of Burnshill and Lenye, our study sites at ZIS, had less than 1 % SOC (Table 2.2) 
which was far below the critical level of 2 % reported by Loveland & Webb (2003) below which 
soil quality declines. There is ample evidence that improved management of arable soils could 
result in increases in C stock in soils (VandenBygaart & Angers, 2006). Therefore, there was 
need to investigate management practices that would enhance SOC reserves and increase the 
resilience of the crop land in ZIS. No-till is reported to be one option for increasing C 
sequestration and soil quality (Balesdent et al., 2000; Domini & Haynes 2002; Freibauer et al., 
2004). It encourages the accumulation of plant residues on the soil surface which apparently 
decompose slowly, resulting in more C being retained in the soil than when residues are 
incorporated into the soil through conventional tillage (CT) (Holland & Coleman, 1987).  In fact 
mineralization studies in Southern Brazil showed that NT reduced the rate of decomposition of 
several crop residues by an average of 20 % compared to CT (Saraiva et al., 2002 as quoted by 
Franchini et al., 2007).  
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Crop rotations and/or cover crops are essential components of CA and promote a healthy living 
soil by complementing natural soil biodiversity (Dumanski et al. 2006). Enhanced crop diversity 
under CA promotes microenvironments that are well aerated, able to receive, hold and supply 
plant available water, provides enhanced nutrient cycling, and more able to decompose and 
mitigate pollutants (Dumanski et al., 2006).  
 
Acidification of the soil surface under NT relative to CT has been cited as one of the drawbacks 
of the system (Lilienfein et al., 2000; Tarkalson et al., 2006). However, studies by Mallarino et 
al. (1999) indicated that stratification of pH under NT may not affect crop performance unless 
the surface soil is often dry during the growing season. Further, according to Garcia et al. (2007), 
one-time tillage under NT has been found to be effective in redistribution of both surface 
accumulated soil nutrients and acidity.  
Past studies have shown that maize-fallow rotations could have negative impact on SOC 
accumulation (Liu et al., 2006). Among other factors, production of maize in summer followed 
by winter fallow could contribute to lower soil organic C levels observed at ZIS. However, 
although legumes enrich soil N reserves through fixing of atmospheric N their relatively low 
plant biomass production of less than 4 tonnes ha
-1 
could severely restrict SOC accumulation
 
(Snapp et al., 2005).  Therefore, it was envisaged that the high wheat and oat biomass compared 
to legumes would provide adequate organic matter inputs required to increase the low soil 
organic C at ZIS. 
Conservation agriculture practices have yet to be widely accepted as practical approaches for 
improving SOM and quality of agricultural soils in South Africa (Mills & Fey, 2003).  This is 
especially the case in smallholder irrigation schemes where the potential benefits of CA practices 
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remain to be demonstrated and quantified.  The objective of this study was to investigate the 
short-term impacts of tillage and rotational cover cropping on soil carbon, total nitrogen, pH and 
electrical conductivity in Zanyokwe Irrigation Scheme, Eastern Cape, South Africa. 
 
 
 
2.3     MATERIALS AND METHODS 
 
2.3.1 Experimental sites 
 
The study was carried out at Burnshill and Lenye blocks of Zanyokwe Irrigation Scheme (ZIS) 
(32
o
 45′ S, 27o 04′ E) in the Eastern Cape Province of South Africa. The sites were located 
between 531 and 550 meters above sea level. The Burnshill site was on Arcadia soil form 
(Vertisol) and Lenye site on Shortlands soil form (Chromic Luvisol) (Soil Classification Working 
Group, 1991) with slopes of 8-15 and 4-8 %, respectively (Table 2.1). The area is sub-humid 
warm temperate with summer rainfall pattern which reaches a maximum in autumn and minimum 
in winter (Chiduza et al., 2010). The mean annual rainfall is 590 mm and frost may occur from 
mid-June to mid-August. Evaporation is greater than precipitation in each month making 
irrigation a necessity for successful crop production. Prior to the trial, the Burnshill site was under 
no-till maize for one year while the Lenye site was under CT cotton for a year. The first 
experimental maize crop was established in 2005 in Burnshill and in 2006 at Lenye following the 
winter cover crop.  
 
2.3.2 Experimental layout 
 
 
The experiment was laid out as a split-plot arrangement in a randomized complete block design 
with 4 replicates. Tillage treatments (CT and NT) were applied on the main plots which measured 
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8 × 18 m while crop rotation treatments were applied as subplots which measured 8 × 6 m.  The 
CT treatments involved mouldboard ploughing to 20 cm depth followed by single disking at 10 
cm depth before planting each year. The crop residues were left on soil surface under NT while 
above ground maize and cover crop biomass was removed under CT. The rotation treatments 
were maize-fallow-maize (MFM), maize-wheat-maize (MWM) and maize-oat-maize (MOM). 
Crops were selected based on their adaptation to the climatic conditions of the Eastern Cape 
Province. The plots were separated from each other by a 2 m path to allow the independent use of 
farm equipments in each plot.  
 
2.3.3 Soil sampling 
 
Initial soil sampling was carried out in December 2005 and the second sampling was carried out 
in April 2008, after 5 and 4 cropping cycles in Burnshill and Lenye, respectively. Six soil cores 
were taken in each plot using a 1.9-cm diameter core sampler for the 0 to 20 cm depth after 
removal of visible crop residues from the soil surface. The cores were sectioned into 0 to 5 and 5 
to 20 cm depth intervals, composited according to depth, air dried and sieved (< 2 mm).  
 
Table 2.1 Soil characteristics of the experimental sites in Burnshill and Lenye in 2005  
Soil characteristics Site 
 Burnshill Lenye 
Soil classification Arcadia –Vertisol (SA) 
Pellic vertisol (FAO)                                   
Pellusterts (USDA)                                       
Shortlands 
Chromic luvisols 
Palexeralfs 
Slope (%) 8-15 4-8 
Depth Vertic A hor. < 60 cm 
Saprolite > 60 cm  
-Orthic A hor. <30 
B hor. 30-70 cm 
Red str B 70- 150 cm 
Lanscape (form) Upper terrace Pediment 
Erosion Slight Slight 
Structure  Medium sub-angular blocky Strong medium sub-
angular blocky 
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SA-South Africa; FAO-Food and Agricultural Organization; USDA-United States Department of 
Agriculture 
 
2.3.4 Soil texture 
 
The soil texture was determined from a 40 g of air-dried soil samples (< 2 mm screen).  The soil 
samples were put into a set of 600 mL beakers and 100 mL of sodium hexametaphosphate 
solution (50g/l) added to the soil (Gee & Bauder, 1986). The mixture was stirred using a glass 
rod and and left undisturbed for 10 minutes. The solution was then transferred into a metal 
dispersing cup and deionized water used to get all the soil out of the beaker before stirring with 
an electric mixer for five minutes.  The solution was later transferred into a one litre cylinder and 
volume adjusted to 1000 mL mark using deionized water.  The cylinders were secured with 
rubber stoppers and then inverted 10 times followed by hydrometer and temperature readings 
after 30 seconds and 90 minutes. Percentage silt and clay were calculated based on temperature 
adjusted hydrometer reading after 30 second settling period and the initial soil weight. Sand and 
clay percentages were worked as fraction of temperature adjusted hydrometer reading after 40 
seconds and 90 minutes and the initial soil weight. The silt content was calculated by 
substracting the percentage sand and clay content from 100 %. Based on the measured sand, clay 
and silt distribution, the soil from the two study sites were assigned to texture class based on soil 
textural triangle (Okalebo et al., 2002). 
 
2.3.5 Particulate organic matter  
 
Particulate organic matter (POM) is defined as organic matter that is intermediate in the decay 
continuum between fresh litter and humified organic matter (Camberdella et al., 2001) and has 
high sensitivity to management than total soil organic carbon (Misky et al., 2008).  Fresh soil 
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samples were collected from the 0-5 cm depth in Lenye and moisture content determined from a 
sub-sample. A 50 g fresh soil sample was placed in a 250-ml plastic bottle and saturated with 
distilled water. Approximately 10-ml of 10 % calgon (Sodium hexametaphosphate) was added 
and the mixture shaken for 10 minutes on a horizontal reciprocating shaker at 200 oscillations 
per minute. The suspension was then put in a wet sieving apparatus with mesh sizes 2 mm, 0.250 
mm and 0.50 mm and water run through system for 20 minutes (Okalebo et al., 2002). The 
organic size fraction 0.250-0.50 mm here referred to as POM was separated by floatation and 
decanting since dense mineral material settles and light organic fraction (POM) floats 
(Muchaonyerwa et al., 2006). The collected organic size fraction was oven dried at 65
o
C for 24 h 
and their weight determined.  The soil POM was expressed in g kg
-1
 after adjusting for soil 
moisture using the weight loss of oven dried (105
o
C for 24 h) sub-sample.  
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2.3.6 Soil organic carbon  
 
Soil organic carbon (SOC) influences soil fertility, stability, and erosion.  It was determined 
using potassium dichromate and sulphuric acid method as described by Okalebo et al. (2002). A 
0.3 g air-dried soil sample (0.25 mm) was weighed into a 100-ml digestion tube and 2-ml of 
distilled water added followed by 10-ml (5%) potassium dichromate solution and 5-ml H2SO4. 
The mixture was heated at 150
o
C for 30 min, cooled, and 50-ml of barium chloride (0.4 %) 
added, made to the mark in 100-ml volumetric flask and left overnight. The absorbance of the 
resultant clear supernatant solutions for samples and blank were read at 600 nm on a UV 
Spectrophotometer against the standards prepared using sucrose (oven dried at 105
o
C for 2 
hours) and distilled water.  
 
2.3.7 Total nitrogen 
 
Air dried soil samples  were ground to pass through a 0.25 mm (60 mesh) sieve and total N  (TN) 
determined by the automated Duma’s dry combustion method using a LECO C and N analyzer 
(LECO Corporation, 2003). 
 
2.3.8 Soil pH and electrical conductivity 
 
 Soil pH influences biological and chemical activity thresholds while electrical conductivity (EC) 
which is a measure of relative salt concentration (Veenstra et al., 2006) affects both plant and 
microbial activities. Soil pH was determined using a WTW pH 526 meter (Eutech instruments, 
Singapore) in duplicate in a 1:2.5 (ν/ν) soil: water suspension without temperature adjustments. 
Twenty grams of soil was mixed with 50-ml of distilled water in a 100-ml extraction bottle and 
shaken for 10 min on a horizontal reciprocating shaker at 200 oscillations per minute. The 
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mixture was left undisturbed for 30 min and then shaken for 2 min before taking the readings. 
Electrical conductivity readings were taken using a WTW Cond. 330, conductivity meter (Eutech 
instruments, Singapore) on the suspension used for pH reading after 1 hr settling period 
(Okalebo et al., 2002).  
 
2.3.9 Estimation of plant biomass C 
 
The above ground maize stover, wheat and oats straw weight was determined from 0.6 m x 6 m 
and 1.8 m x 6 m net plots, respectively. Sub-samples taken after determination of field weight of 
stover and straw were placed in forced-air drier at 65
o
C until constant weight was obtained. The 
below ground plant biomass was estimated considering root/stover ratios of 0.19, 0.46 and 0.23 
for maize, wheat and oats, respectively (Liu & Li, 2006; Amos & Walters, 2006). Plant biomass 
C added to the soil was estimated as 45 % C for maize stover and 41 % C for wheat and oats 
straw determined using a LECO Truspec C and N auto-analyzer (LECO Corporation 2003). 
 
2.3.10 Data analysis 
 
Statistical analysis was done following analysis of variance techniques as outlined by Gomez & 
Gomez (1984) using the Genstat Release 4.24DE statistical software (Lawes Agricultural Trust, 
2008). Significance was determined for all analysis at the 0.05 probability level. Comparisons 
among treatment means were made in accordance with Duncan’s multiple range test (Duncan, 
1955) using the Mstat C software. 
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2.4 RESULTS 
 
2.4.1 Selected soil properties at the beginning of the study in 2005 
 
Selected soil physical, chemical and biological properties for initial soil sampling in 2005 are 
shown in Table 2.2. In subsequent years, NPK and lime ammonium nitrate were applied to maize 
crop as per recommendations. The soil b and moisture at field capacity (FC) at the two sites 
were more or less similar. Both sites had a sandy clay loam soil texture and a comparable soil 
pH, EC and extractable N values. However, Burnshill had relatively higher SOC, extractable K, 
Mg and Ca contents than Lenye but extremely low soil extractable P. Soil microbial biomass 
carbon and nitrogen (MBC & MBN) were similar at both sites but Burnshill had relatively higher 
soil respiration (SR) and nitrogen mineralization (MN) than Lenye.  
 
2.4.2 Effects of tillage and crop rotations on plant biomass C added to the soils  
 
The above and below ground plant biomass C added to the soil over the study period in Burnshill 
and Lenye is shown in Table 2.3. No till increased total plant biomass C by more than three-fold 
relative to CT in both sites. The MFM rotation in Burnshill resulted in higher total plant biomass 
C compared to Lenye. The MOM and MWM rotations resulted in almost twice as high plant 
biomass C inputs compared to the MFM rotation in Burnshill but the corresponding plant 
biomass C inputs were almost four times as high in Lenye (Table 2.3).  
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Table 2.2 Selected soil physical, chemical and biological properties in Burnshill and Lenye at 
the commencement of the study in 2005 
 
  Physical properties    
    Texture    
Site Depth 
(cm) 
b FC Sand Silt Clay  Class   
  g cm
3
 -----------------%----------------     
Burnshill 0-7.5 
0-7.5 
1.37 18.7 46 22 32  SCL   
Lenye 1.34 15.0 44 26 30  SCL   
  Chemical properties 
  EC pH N P K Ca  Mg SOC TN 
  µScm  ---mg kg
-1
---     ---------------------g kg
-1
----------------------   
Burnshill           
 0-5 140 6.4 54 2.0 0.54 2.30 0.42 9.5 1.1 
 5-20 110 6.9 46 1.2 0.48 2.20 0.40 9.5 0.9 
           
Lenye 0-5 110 6.8 47 27 0.22 1.15 0.19 5 0.6 
 5-20 110 6.7 44 27 0.22 1.10 0.18 5 0.6 
   Biological properties     
  MBC MBN SR NM      
  -----g kg
-1
---- ----mg kg
- 1
---      
Burnshill 0-5 1.60 0.13 137 46      
 5-20 1.60 0.11 123 39      
           
Lenye 0-5 1.60 0.12 124 33      
 5-20 1.50 0.14 110 38      
b-bulk density; FC-soil moisture at field capacity; SCL-sand clay loam; EC-electrical 
conductivity; N-NO3; SOC-soil organic C; TN-total N; MBC- microbial biomass C; MBN- 
microbial biomass N; SR-soil respiration; NM-nitrogen mineralization. Rating of some selected 
soil parameters: pH (< 5-low and >7-high), SOC (< 10-low and > 20 g kg
-1
-high), P (<5-low and 
> 15 mg kg
-1
-high), K (<80-low and > 200 mg kg
-1
-high), Ca (<800-low and > 2000 mg kg
-1
-
high), Mg (< 40-low >80 mg kg
-1
-high) adopted from FSSA (1989) and Landon (1991).  
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Table 2.3 Estimates of total plant biomass C maize, wheat and oats added by to the soils in 
Burnshill and Lenye in 2005/06 and 2006/07 cropping seasons. 
 
  Maize Wheat Oat Total Grand 
total 
  AG BG AG BG AG BG AG BG  
Site Factor ------------------------------------------------kg  C ha
-1
------------------------------------------------- 
Burnshill Tillage          
 NT 5727 1088 3478 1496 2950 671 12155 3255 15410 
 CT 0 1067  1985 0 891 0 3943 3943 
 Rotations          
 MFM 5884 1089 0 0 0 0 5884 1089 6973 
 MWM 6052 1132 3478 1496 0 0 9530 2692 12158 
 MOM 5376 1013 0 0 2950 671 8326 1888 10010 
Lenye           
 NT 3029 576 3755 713 3584 681 10368 1970 12338 
 CT 0 822 0 674 0 716 0 2212 2212 
 Rotations          
 MFM 3029 701 0 0 0 0 3029 701 3730 
 MWM 3755 696 7637 3249 0 0 11392 3945 15337 
 MOM 3584 698 0 0 5629 1339 9213 2037 11250 
AG-above ground; BG-below ground; NT-no till; CT-conventional tillage; MFM-maize-fallow -
maize; MWM-maize-wheat-maize; MOM-maize-oat- maize; Below ground biomass estimated 
considering root/shoot ratio of 0.19, 0.46 and 0.23 for maize, wheat and oats, respectively. Total 
C in plant biomass calculated using determined value of 45 % C for maize stover and 41 % C for 
wheat and oat straw.  
 
. 
 
2.4.3 Effects of tillage and crop rotations on soil chemical properties 
 
2.4.3.1 Particulate organic matter 
 
Tillage had a significant effect on POM at Lenye (0-5 cm) (p ≤ 0.05) (Table 2. 4). Averaged 
across crop rotation treatments, NT significantly increased POM relative to CT. Crop rotation, 
and tillage × rotation interaction had no significant effect on this parameter.  Averaged across 
tillage treatments, all the three crop rotations were similar with respect to POM. 
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Table 2.4 Effects of tillage (T) and crop rotations (R) on particulate organic matter in Lenye 
 
 Tillage (T) 
Rotations (R) NT CT Means 
                                                       -----------------------------g kg
-1
---------------------------------------------- 
MFM 1.7 1.4 1.6 
MWM 1.9 1.3 1.6 
MOM 2.0 1.2 1.6 
Means 1.8b 1.3a - 
 Probability of greater F 
T 0.012

 
R 0.928
 NS
 
T×R 0.121
 NS
 
CV (%) 12 
NT-no till; CT-conventional tillage; MFM-maize-fallow-maize; MWM-maize-wheat-maize; 
MOM-maize-oat-maize; a, b - means in row and column followed by different letters are 
significantly different at p ≤ 0.05; * Significant at p ≤ 0.05; NS-not significant; CV-coefficient of 
variation 
 
 
2.4.3.2 Soil organic carbon  
 
The mean SOC (average of all tillage and crop rotation treatments) in 0-5 and 5-20 cm depth was 
higher in Burnshill than in Lenye. In Burnshill, the mean SOC in the 0-5 cm depth was higher 
than in the 5-20 cm while the levels for both depths were similar at Lenye (Table 2.5a). No till 
resulted in a slight increase in SOC compared to conventional tillage in the 0-5 and 5-20 cm 
depths in Burnshill. The MOM rotation significantly increased SOC compared to MFM in the 0-
5 cm depth (p ≤ 0.05) while MWM and MOM rotations significantly increased SOC compared to 
MFM in the 5-20 cm depth (p ≤ 0.01).  Averaged across tillage treatments, SOC followed the 
trend MOM > MWM > MFM in 5-20 cm depth at Burnshill. The tillage × rotation interaction 
effect was significant in 0-5 cm depth (p ≤ 0.05) but not significant in the 5-20 cm depth 
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implying that SOC response to tillage and crop rotation treatments was not similar in the two 
selected soil depth intervals.  Under NT, the SOC trend was MWM > MOM > MFM and MOM 
> MFM ═ MWM under CT in 0-5 cm depth.  
In Lenye, tillage and tillage × rotation interaction effects were not significant on SOC at both 
depths. However, crop rotation had a significant effect on this parameter at 5-20 cm (p ≤ 0.05) 
but not at the 0-5 cm depth. Across tillage and crop rotation treatments, SOC increased by over 
13 % in 0-5 and 5-20 cm depth from 2005 to 2008 with higher accumulation under MWM and 
MOM rotations relative to MFM in Burnshill (Tables 2.2 and 2.5a). In Lenye, SOC increased by 
over 20 % in 0-5 and 5-20 cm depth in similar period with higher accumulation under MOM 
rotation relative to MFM.  
Tillage, crop rotation and tillage × rotation interaction effects were not significant on SOC in the 
0-20 cm depth at Lenye. However, crop rotation and tillage × rotation interaction effects were 
significant on SOC in Burnshill (Table 2.5b). Averaged across tillage treatments, MWM and 
MOM rotations significantly increased SOC compared to MFM at Burnshill.  At Burnshill, SOC 
followed the trend MOM > MWM > MFM while in Lenye the trend was MFM >MOM > 
MWM.  
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Table 2.5a Effects of tillage (T) and crop rotations (R) on soil organic carbon at Burnshill and Lenye 
Site  Depth (cm) 
  0-5  5-20 
           Tillage (T) 
  NT CT Means  NT CT Means 
Burnshill Rotation (R) ----------------------------------g kg
-1
-------------------------------- 
 MFM 13.3a 13.4ab 13.3a  10.7 11.3 11.0a 
 MWM 15.0bc 12.1a 13.5a  13.6 11.6 12.6b 
 MOM 14.7b 15.5c 15.1b  13.7 13.9 13.8c 
 Means 14.3 13.6   12.7 12.3  
 Grand mean   14.0    12.5 
 ANOVA                Probability of greater F  
parameters          
 T 0.112
 NS
  0.303
 NS
 
 R 0.012*  0.005** 
 T×R 0.009**  0.155
 NS
 
 CV (%) 8  11 
Lenye     
 MFM 6.9 8.9 7.9  7.4 7.4 7.4b 
 MWM 6.0 7.5 6.7  7.2 7.2 7.2a 
 MOM 7.8 7.8 7.8  7.9 7.9 7.9c 
 Means 6.7 8.0 -  7.5 7.5  
 Grand mean   7.4    7.5 
 ANOVA                Probability of greater F  
parameters          
 T 0.170
 NS
  0.958
 NS
 
 R 0.094
 NS
  0.011* 
 T×R 0.189
 NS
  0.940
 NS
 
 CV (%) 14  5 
NT-no till; CT-conventional tillage; MFM-maize-fallow-maize; MWM-maize-wheat-maize; MOM-
maize-oat-maize; a, b, c - means in row and column followed by different letters are significantly 
different at p ≤ 0.05; *, ** Significant at p ≤ 0.05 and 0.01, respectively; NS-not significant; CV–
coefficient of variation. 
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Table 2.5b Effects of tillage (T) and crop rotations (R) on soil organic carbon in the 0-20 cm 
depth at Burnshill and Lenye 
Site  Site 
  Burnshill  Lenye 
           Tillage (T) 
  NT CT Means  NT CT Means 
Burnshill Rotation (R) ----------------------------------g kg
-1
-------------------------------- 
 MFM 12.0a 12.4ab 12.2a  6.9 8.2 7.5 
 MWM 14.4c 11.8a 13.0b  6.0 7.5 6.8 
 MOM 14.2c 14.7c 14.5c  7.8 7.8 7.8 
 Means 13.5 13.3   6.9 8.0  
 Grand mean   13.4    7.5 
 ANOVA                Probability of greater F  
parameters          
 T 0.108
 NS
  0.170
 NS
 
 R 0.001***  0.094
NS
 
 T×R 0.003**  0.189
 NS
 
 CV (%) 6  14 
NT-no till; CT-conventional tillage; MFM-maize-fallow-maize; MWM-maize-wheat-maize; 
MOM-maize-oat-maize; a, b, c - means in row and column followed by different letters are 
significantly different at p ≤ 0.05; **, *** Significant at p ≤ 0.05 and 0.001, respectively; NS-not 
significant; CV–coefficient of variation. 
 
 
2.4.3.3 Total nitrogen  
 
The mean TN (average of all tillage and crop rotation treatments) in 0-5 and 5-20 cm depths 
were not different within site, but Burnshill had higher TN relative to Lenye (Table 2.6). No till 
had significantly higher TN than CT in the 0-5 (p ≤. 0.05) at Burnshill with no differences in the 
5-20 cm depth. Crop rotation and tillage × rotation interaction effects on NT were not 
significantly different. In Burnshill, across tillage and crop rotation treatments, TN increased by 
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over 9 % in 0-5 and 5-20 cm depth from 2005 to 2008 with higher accumulation under NT, 
MWM and MOM rotations relative to CT and MFM in 0-5 cm depth (Tables 2.2 and 2.6 ). 
At Lenye, tillage had no significant effect on TN at both 0-5 and 5-20 cm depths, but, crop 
rotation had significant effect on this parameter in 5-20 cm depth (p ≤ 0.05). The MWM and 
MOM rotations significantly increased TN relative to MFM. The tillage × rotation interaction 
effect was not significant on this parameter in 0-5 and 5-20 cm depths. In Lenye, TN increased 
by over 5 % in 0-5 and 5-20 cm depth with higher accumulation under NT, MWM and MOM 
rotations relative to CT and MFM at both sampled soil depths (Tables 2.2 and 2.6 ). 
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Table 2.6 Effects of tillage (T) and crop rotations (R) on soil total nitrogen at Burnshill and 
Lenye 
Site  Depth (cm) 
  0-5  5-20 
           Tillage (T) 
  NT CT Means  NT CT Means 
Burnshill Rotation (R) ----------------------------------g kg
-1
-------------------------------- 
 MFM 1.2 1.1 1.1  1.0 1.0 1.0 
 MWM 1.3 1.1 1.2  1.1 1.1 1.1 
 MOM 1.2 1.1 1.2  1.1 1.1 1.1 
 Means 1.2b 1.1a   1.1 1.1  
 Grand mean   1.2    1.1 
 ANOVA                Probability of greater F  
parameters          
 T 0.043*  0.731
 NS
 
 R 0.191
 NS
  0.503
 NS
 
 T×R 0.464
 NS
  0.836
 NS
 
 CV (%) 7  9 
Lenye     
 MFM 0.6 0.7 0.7  0.4 0.7 0.6a 
 MWM 0.6 0.9 0.70  0.6 0.8 0.7b 
 MOM 0.7 0.8 0.80  0.6 0.8 0.7b 
 Means 0.6 0.8 -  0.5 0.7 - 
 Grand mean   0.7    0.6 
 ANOVA                                Probability of greater F  
parameters          
 T 0.263
 NS
  0.269
 NS
 
 R 0.598
 NS
  0.023* 
 T×R 0.240
 NS
  0.783
 NS
 
 CV (%) 17  13 
NT-no till; CT-conventional tillage; MFM-maize-fallow-maize; MWM-maize-wheat-maize; MOM-
maize-oat-maize; a, b - means in row and column followed by different letters are significantly different 
at p ≤ 0.05; * Significant at p ≤ 0.05; NS-not significant; CV–coefficient of variation. 
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2.4.3.4 Soil pH  
 
The mean soil pH (average of all tillage and crop rotation treatments) in the 0-5 cm depth in 
Burnshill and Lenye were similar (Table 2.7). In the 5-20 cm depth, Burnshill had relatively 
higher pH compared to Lenye. Tillage had contrasting significant effects on pH in 0-5 (p ≤ 0.01) 
and 5-20 cm depths (p ≤ 0.05) in Burnshill. No till resulted in significantly higher pH relative to 
CT in 0-5 cm depth at Burnshill. Averaged across crop rotation treatments, NT resulted in 
significantly higher pH compared to CT in 5-20 cm depth in Burnshill. Crop rotation had no 
effect on soil pH in 0-5 and 5-20 cm depth at Burnshill. The tillage × rotation interaction effect 
was significant on pH in 0-5 cm depth (p ≤ 0.05). Soil pH trend under NT was MOM > MFM ═ 
MWM and MWM ═ MFM═ MOM in 0-5 cm depth under CT.  Across crop rotation treatments, 
soil pH increased by 1- 6 % under NT and decreased by 1- 3 % from 2005 to 2008 under CT in 
0-5 cm depth at Burnshill (Tables 2.2 and 2.7). Tillage had no effect on pH in both 0-5 and 5-20 
cm soil depths, but crop rotation significantly affected this parameter in both 0-5 (p ≤ 0.001) and 
5-20 cm depths (p ≤ 0.05) in Lenye. Across tillage treatments, MFM resulted in significantly 
higher pH compared to MWM and MOM rotations (p < 0.05). The tillage × rotation interaction 
effect on pH was significant in the 0-5 cm depth (p ≤ 0.001). The three crop rotations were not 
significantly different under NT, however under CT; MFM rotation resulted in significantly 
higher pH compared to MWM and MOM. Across tillage and crop rotation treatments, soil pH 
decreased by 0-4 % in 0-5 and 5-20 cm depth between 2005 and 2008 at Lenye. 
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Table 2.7 Effects of tillage (T) and crop rotations (R) on soil pH at Burnshill and Lenye 
Site  Depth (cm) 
  0-5  5-20 
           Tillage (T) 
  NT CT Means  NT CT Means 
Burnshill Rotation (R)  
 MFM 6.5ab 6.7bc 6.6  6.9 6.9 6.9 
 MWM 6.4a 6.8c 6.6  6.9 6.8 6.9 
 MOM 6.8c 6.7bc 6.7  6.9 6.8 6.9 
 Means 6.5a 6.7b   6.9b 6.8a  
 Grand mean   6.6    6.9 
 ANOVA                Probability of greater F  
parameters          
 T 0.001***  0.014* 
 R 0.123
 NS
  0.797
 NS
 
 T×R 0.013*  0.168
 NS
 
 CV (%) 2  1 
Lenye     
 MFM 6.7bc 6.8c 6.7c  6.8 6.7 6.7b 
 MWM 6.6ab 6.5a 6.5a  6.5 6.6 6.5a 
 MOM 6.6ab 6.5a 6.6b  6.5 6.5 6.5a 
 Means 6.6 6.6 -  6.6 6.6 - 
 Grand mean   6.6    6.6 
 ANOVA                Probability of greater F  
parameters          
 T 0.913 
NS
  0.689
 NS
 
 R 0.001***  0.020* 
 T×R 0.001***  0.956
 NS
 
 CV (%) 1  3 
NT-no till; CT-conventional tillage; MFM-maize-fallow-maize; MWM-maize-wheat-maize; 
MOM-maize-oat-maize; a, b, c - means in row and column followed by different letters are 
significantly different at p ≤ 0.05; *, *** Significant at p ≤ 0.05 and 0.001, respectively; NS-not 
significant; CV–coefficient of variation. 
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2.4.3.5  Electrical conductivity  
 
The mean soil EC (average of all tillage and crop rotation treatments) was lower in Burnshill 
than Lenye and higher in 0-5 compared to 5-20 cm depth in both sites (Table 2.8). Soil electrical 
conductivity (EC) was significantly affected by tillage (P ≤ 0.001) and crop rotation (p ≤ 0.05) in 
0-5 cm soil depth at Burnshill. Across crop rotation treatments, NT resulted in significantly 
higher EC relative to CT in 0-5 cm depth.  Averaged across tillage treatments, MWM rotation 
resulted in significantly higher EC compared to MFM. Tillage × rotation interaction effect was 
significant (p < 0.01) for the 5-20 cm depth and not for the 0-5 cm depth and the trends were 
MFM ═ MOM ═ MWM under NT and MWM > MFM═ MOM under CT.  
Tillage had no significant effect on EC in 0-5 cm depth, but was significant in 5-20 cm depth at 
Lenye (P ≤ 0.01). Crop rotation had significant effect on EC in 0-5 cm but not significant in the 
5-20 cm depth. Tillage × rotation interaction effect on EC was significant in 0-5 and 5-20 cm 
depths (P ≤ 0.05). The EC trend in the 0-5 cm depth was MOM > MFM > MWM under NT and 
MFM > MWM > MOM under CT. In the 5-20 cm depth, under NT, the EC trend was MOM  > 
MWM > MFM and MFM > MOM > MWM under CT. Across tillage and crop rotation 
treatments, soil EC decreased by 25-51 % and 6-43 % in both sampled soil depths from 2005 to 
2008 at Burnshill and Lenye, respectively (Tables 2.2 and 2.8).  
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Table 2.8 Effects of tillage (T) and crop rotations (R) on soil electrical conductivity at Burnshill 
and Lenye 
Site  Depth (cm) 
  0-5  5-20 
           Tillage (T) 
  NT CT Means  NT CT Means 
Burnshill Rotation (R) ----------------------------------µScm
-1
-------------------------------- 
 MFM 85 68 77a  72a 72a 72 
 MWM 99 72 85b  63a 83b 73 
 MOM 88 93 81ab  68a 65a 67 
 Means 91b 77a   68 73  
 Grand mean   81    71 
 ANOVA                Probability of greater F  
parameters          
 T 0.001***  0.173
 NS
 
 R 0.026*  0.107
 NS
 
 T×R 0.132
 NS
  0.003** 
 CV (%) 7  8 
Lenye     
 MFM 98bc 103c 101b  62a 107d  84 
 MWM 88a 93ab   91a  64a 91bc  78 
 MOM 99bc 87a   93a  79ab 96cd  88 
 Means 95 94 -  68a 98b  
 Grand mean   95    83 
 ANOVA                Probability of greater F  
parameters          
 T 0.650
 NS
  0.002** 
 R 0.014*  0.093
 NS
 
 T×R 0.022*  0.014* 
 CV (%) 6  10 
NT-no till; CT-conventional tillage; MFM-maize-fallow-maize; MWM-maize-wheat-maize; MOM-
maize-oat-maize; a, b, c, d- means in row and column followed by different letters are significantly 
different at p ≤ 0.05; *, **, *** Significant at p ≤ 0.05, 0.01 and 0.001, respectively; NS-not significant; 
CV–coefficient of variation.    
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2.4.3.6  Relationship between soil chemical parameters 
 
There was a strong positive correlation between POM and MN in the 0-5 cm depth at Lenye 
(R
2
=0.93; Fig. 2.1). Similarly, there was also a strong positive correlation between SOC and EC 
in Burnshill (R
2
=0.93; Fig. 2.2) and Lenye (R
2
=0.93; Fig. 2.3). 
 
 
         Fig. 2.1 Relationship between POM and mineralized N at Lenye 
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Fig 2.2. Relationship between SOC and EC in the 0-5 cm depth at Burnshill 
 
 
 
       
Fig. 2.3. Relationship between SOC and EC in the 0-5 cm depth at Lenye 
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2.5      DISCUSSION 
 
The significant tillage and crop rotation interaction effects whereby tillage effects on SOC, pH 
and EC varied with type of rotational cover crop could be due to variability in biochemical 
composition of the crop residues, plant biomass inputs and inclusion of fallow period. Earlier 
studies have established that biochemical composition of crop residues such as N, lignin, 
polyphenols, C/N ratio, lignin/N ratio, and polyphenol/N ratio have great influence on 
decomposition rate and/or nutrient release from organic materials (Kumar & Goh, 2003; Smith & 
Sharlley, 1990). Using the single exponential decay function equation, Kumar & Goh (2003) 
found that the decomposition rate constant for C mineralization for oat (0.188) was higher 
relative to wheat (0.058).   
Crop residues with C/N ratio below 25 are regarded more likely to result in net mineralization 
and therefore termed as good quality residues (Smith & Sharpley, 1990). The C/N ratios of 
maize, wheat and oat residues in this study were 34, 46, and 45, respectively. These crop 
residues could therefore be regarded as of poor quality since their C/N ratios were wider than 30 
and thus likely to favour immobilization (Havlin et al., 1990; Sineviratne, 2000). The observed 
high SOC under MOM compared to the MFM rotation could imply shorter C immobilization 
period under MFM compared to MOM as the former rotation resulted in crop residues with 
narrower C/N ratio. Further, the lower organic matter inputs under MFM rotation in combination 
with annual addition of fertilizer N could have enhanced the decomposition of maize residues 
and hence higher C loss compared to MOM rotation. Other studies have shown that where C/N 
ratios are not well correlated with decomposition rates of organic residues, other biochemical 
characteristics could be utilised to to better predict the decomposition rates of crop residues (Tian 
et al., 1992; Trinsoutrot et al., 2000).  It has also been shown that landscape position should be 
43 
 
taken into consideration when assessing SOC changes as it influences moisture status which 
when high tends to enhance mineralization and thus could override any crop carbon inputs 
benefits (Campell et al., 2005). Therefore, the variabilitity in moisture retention among the three 
crop rotations could have influenced C mineralization, C loss as CO2 and eventually SOC 
accumulation among the rotations. 
 
The observed SOC levels are within reported ranges (0.2-23.5 g kg
-1
) for South African and 
other semi-arid regions (Burt et al., 2001; Lai, 2002; Mandiringana et al., 2005). The SOC 
concentration in Burnshill and Lenye were rated as low in 2005 (<10 g kg
-1
) (FSSA, 1989; 
Landon, 1991) but improved to medium levels (10-20 g kg
-1
) in Burnshill by end of the study 
period in 2008 (Tables 2.2 and 2.5). Decrease in SOC with depth in Burnshill is consistent with 
other CA studies (Rhoton, 2000; Gwenzi et al., 2009) and is ascribed to declining plant biomass 
inputs with increasing soil depth.  
Higher plant biomass inputs under MWM and MOM rotations increased SOC relative to MFM 
rotation in the 0-5 cm depth under NT and across tillage practices in the 5-20 cm depth (Table 
2.5). Bell et al. (2003) found that soil C storage increased with cropping intensity and attributed 
less C under fallow to inefficient C metabolism.  Consideration of the plough layer (0-30 cm) 
revealed no differences between tillage practices (Tables 2.5a and 2.5b). However, differences in 
SOC storage between crop rotations as observed for the two sampled depths were evident when 
the whole plough layer was considered.  
The ability of cereal cover crops to remove excess N from previous crop fertilization and 
minimise losses through recycling the nutrients was earlier reported by Thorup-Kristensen et al. 
(2002) in USA. Higher TN accumulation in the soil under MWM and MOM  rotations relative to 
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MFM in Lenye could be attributed to enhanced retention and gradual release of N from high 
biomass associated with double cropping with wheat and oats  (Tables 2.3 and 2.6). Similarly, 
reduced oxidation of SOM with less soil disturbance under NT (Bell et al., 2003) could explain 
the enhanced organic N retention under NT relative to CT in Burnshill. Improvements in SOC 
and N levels under CA could also impact positively on soil structural stability (Chenu et al., 
2000), biotic activity and plant nutrient availability (David et al., 2006; De Villiers et al., 2005). 
These effects will be discussed in chapters 3, 4 and 5, respectively.  
The amount of POM in any given soil will vary with season and is usually greatest immediately 
following incorporation of crop residues through tillage (Stevenson, 1994). The observed higher 
POM under NT than CT (Tables 2.3 and 2.4) could be attributed to reduced oxidation of organic 
matter with no tillage (Bell et al., 2003). Minimal soil-organic residue contact and/or aeration 
under reduced tillage slows the decomposition of organic residues as earlier reported by Mahdi 
& Xinhua, (2004) whereby CO2 emission under CT exceeded NT over a period of 20 days. 
 According to Camberdella & Elliot (1992), tillage reduces SOM in soil but POM is particularly 
more readily lost than other fractions and this was reflected by different POM levels but similar 
SOC concentration across tillage practices in Lenye (Tables 2.4 and 2.5).  The strong positive 
relatioship between POM and N mineralized confirmed earlier findings by Schwenke et al. 
(2002) where greater portion of organic N under NT occured as POM-N under cereal/pulse 
production in Australia.  
The soil pH in Burnshill and Lenye was within the preferred range of 5.5 to 7.5 for most crops 
(Landon, 1991). However, their EC was moderately saline (Agdex, 2001) and could restrict 
yields of maize, wheat, oats, cabbage and beans. However, there was slight improvement in EC 
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over the study period (Tables 2.2 and 2.8). Lack of soil mixing in NT is often associated with pH 
stratification (Garcia et al., 2007) and accumulation of salts associated with fertilizer application 
on soil surface compared to tilled soils (Veenstra et al., 2006).  The observed increase in acidity 
under NT in Burnshill (Table 2.7) is consistent with results of De Villiers et al., (2005) and could 
be attributed to the decomposition of high volumes of organic matter associated with NT relative 
to CT. Similarly, high acid release with decomposition of high quantities of plant biomass under 
wheat and oat rotational cropping enhanced soil acidity under MWM and MOM rotations 
relative to MFM at both sampled soil depths in Lenye (Tables 2.3 and 2.7).  The Minimal 
changes in pH observed over the study period could be attributed to annual application of lime 
ammonium nitrate (LAN) as N top-dress to maize crop resulting in pH stabilization under both 
tillage practices. Application of lime with ammonium N fertilizers (LAN) has been reported to 
counter the increase in acidity arising from nitrification of such N sources (Malhi et al., 1998). 
Cations associated with salinity and/or EC include Ca, K, Mg and Na (Veenstra et al., 2006). 
Salts are recycled through plant biomass and decomposition of high crop residue inputs under 
NT, MWM and MOM enhanced salts release to the soil compared to CT and MFM rotation in 
Burnshill (Tables 2.3 and 2.8). These results were consistent with those of Rahman et al. (2003) 
where NT resulted in higher EC relative to CT following 15 years of NT on Andosols in China. 
The strong positive association between SOC and EC indicates the close relationship between 
organic matter input and Ca, K, Mg and Na cations that contribute to salinity in this study (Fig. 
2.2). High salt release from rapidly decomposing crop residues under MFM and MOM enhanced 
EC relative to MWM rotation in the 0-5 cm depth under NT in Lenye (Table 2.8). Long winter 
off-season period under MFM rotation presumably enhanced salt release from decomposing 
organic residues resulting in higher EC relative to MWM rotation under both tillage practices in 
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+0-5 cm in Lenye. High EC under MOM relative to MWM in 5-20 cm in Lenye implies that 
high decomposition rate of oat than wheat residue contributed more to increasing salt 
concentration in the soil compared to high biomass under wheat based rotations under both 
tillage practices (Tables 2.3 and 2.8). Redistribution of salts within the plough layer under tillage 
minimised the differences in EC between the two sampled soil depths under CT at both study 
sites. 
 
2.6    CONCLUSIONS 
 
Soil organic C accumulation was influenced by plant biomass inputs, period under alternative 
tillage practices and type of crop rotation in similarly textured soils at Burnshill and Lenye. The 
ability of no till to enhance SOC over conventional tillage was more evident on the soil surface 
compared to deeper layer. No till increased POM which is component of SOC compared to 
conventional tillage further emphasising the potential of the former to increase soil C compared 
to the latter practice. The high SOC under MWM and MOM relative to MFM rotation resulted 
from high plant biomass iputs and was more pronounced under no till than conventional tillage. 
The results of this study suggest that factors responsible for SOC and POM accumulation also 
influence soil total N and pH changes.  The effects of tillage on pH in the two sampled soil layers 
were not consistent. However, as reported in other studies no till increased total N and pH 
compared to conventional tillage in the soil surface layer at Burnshill. The high positive 
correlation and regression coefficients between SOC and EC, POM and mineralizable N suggest 
that increase in SOC as influenced by tillage and crop rotations would increase soil EC and total 
N. These short term results of no till and crop rotation suggest the positive impact of the two 
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selected conservation agriculture practices on soil chemical condition. However, to enhance the 
understanding on the impacts of CA practices on soil chemical properties; there is need for long 
term studies involving a broader range of soil types within the semi-arid areas of South Africa. 
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CHAPTER 3 
 
THE EFFECT OF TILLAGE AND CROP ROTATION ON SELECTED SOIL 
PHYSICAL PROPERTIES IN ZANYOKWE IRRIGATION SCHEME, SOUTH 
AFRICA 
 
3.1 ABSTRACT 
 
Intensive tillage and monoculture based crop production practices have adversely affected soil 
structure and water availability in many soils in South Africa. Two sandy clay loam soils in 
Lenye and Burnshill in the central part of Eastern Cape Province, South Africa were used to 
evaluate the impact of tillage and rotational cover cropping on soil bulk density, soil moisture at 
field capacity, and aggregate stability under irrigated maize (Zea mays L) production. A split-
plot arrangement of the treatments in a randomized complete block design was used with tillage 
as the main-plot and crop rotations as subplots. Conventional tillage was compared to no-till and 
crop rotations were maize-fallow-maize, maize-wheat-maize and maize-oat-maize. Data on soil 
bulk density and moisture at field capacity were monitored in 2005 and 2008. The treatments 
were applied after initial soil sampling in 2005 and their impact on the two parameters assessed 
in 2008. The impact of tillage and crop rotations on soil aggregate distribution and stability index 
were evaluated only in 2008. Both soil bulk density and moisture at field capacity increased from 
2005 to 2008 under both CT and NT at the two sites. Across tillage practices, MFM and MOM 
rotations significantly increased soil moisture at field capacity compared to MWM in Burnshill. 
Soil aggregate mean weight diameter and stability index were higher in Lenye compared to 
Burnshill. Across tillage practices, maize-oat rotation significantly increased soil aggregate mean 
weight diameter as determined by fast wetting compared to MFM and MWM rotations in Lenye 
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and also resulted in higher stability index relative to MFM and MWM rotations at both sites. 
Scanning electron microscope revealed that soils under NT and MOM rotation had dense organo 
mineral coatings and organic bridges than soils under CT and MFM rotation. No till and 
rotational cover cropping had positive impact on soil physical properties and could therefore be a 
more sustainable practice than the current intensive-monoculture based crop production 
practices. 
Keywords:  rotational cover cropping, tillage, aggregate stability, bulk density 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
50 
 
3.2 INTRODUCTION 
 
 
At least 25 % of soils in the Eastern Cape Province, South Africa are severely degraded (NDA, 
1997). Gully and sheet erosion are common problems in smallholder farms while wind erosion 
and salinization are problems in commercial farming areas. Crusting and erosion of cultivated 
soils is said to result from aggregate breakdown and detachment of the soil fragments by rain (Le 
Bissonnais, 1996). The breakdown of soil aggregates is exacerbated by conventional tillage (CT) 
operations which cause the rapid oxidation of organic matter previously protected by soil 
aggregates thus resulting in aggregate breakdown (Barnard & Newby, 1999). In addition, the 
majority of soils used for crop production in SA have low organic matter (Scotney & Dijkhuis, 
1990; Barnard, 2000) and low Ca: Mg ratios, both of which enhance soil structural instability 
and increase the susceptibility of the soils to degradation (Mills & Fey, 2003).  
The physical soil degradation caused by CT has been reported to reduce soil bulk density (b) 
relative to no-till (NT) (Wander & Bollero, 1999; Velykis & Satkus, 2005). Nyamadzawo et al. 
(2007), however, reported higher soil bulk density in CT relative to NT on a kaolinitic sandy 
Typic Haplustalf or Chromic Luvisols in Zimbabwe. By contrast, Gwenzi et al. (2009) found no 
difference in soil bulk density between CT, minimum tillage (MT) and NT on sandy loams after 
6 years. These contrasting findings suggest that soil type and previous management practices 
influence tillage effects on soil physical properties.  
Agricultural practices that improve soil aggregate stability, coupled with increase in soil surface 
cover, could significantly reduce degradation of soils. Soil surface cover as advocated in 
conservation agriculture (CA) practices reduces the kinetic energy of the raindrops, disruption 
and detachment of the soil particles (Unger & Parker, 1976; Rees et al., 2002; Findeling et al., 
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2003). This is consistent with findings of Rhoton (2000) who observed higher aggregate stability 
under NT than CT in a period of 4 years on a Grenada silt loam (fine-silty, mixed, active, 
thermic Glossic Fragiudalf). Similarly, Whalen et al., (2003) showed that annual inputs of crop 
residues in continuously cropped soils increased the proportion of water stable soil aggregates 
(WSA). The sealing of soil micropores and macropores is also significantly reduced with soil 
surface cover compared to bare soils (Unger & Parker, 1976).   
Aggregate breakdown  may result from; (i) breakdown caused by compression of entrapped air 
during rewetting (slaking), (ii) breakdown by differential swelling, (iii) breakdown by raindrop 
impact, and (iv) physicochemical dispersion due to osmotic stress (Chenu et al., 2000). Methods 
proposed for measuring these mechanisms are slow wetting by capillary (SW), fast wetting 
(FW), and mechanical breakdown by shaking (MB) (Le Bissonnais, 1996). The fast wetting 
simulates a field environment where aggregates are exposed to rainfall of high intensity resulting 
in entrapment of the air. Mechanical breakdown represents situations where aggregates are 
exposed to physical activities in the field such as ploughing, and slow wetting simulates 
situations where aggregates are exposed to low intensity rainfall. The mean weight diameter 
(MWD) of soil aggregates is eventually used to determine the aggregate stability of the soil. 
However, soil aggregate stability analytical methods do not provide a sound basis for soil 
stability comparisons for samples from a wide geographic area. Amezketa et al (1996) proposed 
the stability index (SI), which is a ratio of aggregate mean weight diameter (MWD) determined 
by FW to MWD determined by SW, as an index for aggregate resistance to slaking. The use of 
SI allows soil stability comparisons on a scale of  zero to one, with a value of  0 indicating 
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complete breakdown of aggregates and unity for no structural change of aggregates with FW 
relative to SW treatment. 
The impact of some CA practices on crop yield and soil chemical properties has been extensively 
documented in South Africa (Mallet, 1987; Maali & Agenbag, 2003; Smit, 2004; Kotze & Du 
Preez, 2007) but there is limited information on interactive effects of tillage and rotational cover 
cropping on soil physical properties, particularly under the semi-arid subtropical areas in the 
Eastern Cape Province. The purpose of this study was to evaluate the short-term effects of tillage 
and crop rotations on selected soil physical properties of two sandy soils under irrigated maize 
production in Zanyokwe irrigation scheme (ZIS), South Africa. 
 
3.3 MATERIALS AND METHODS 
 
Details on soil type, layout and trial design, test crops used and soil sampling frequency are as 
highlighted in chapter 2 on impacts of selected CA practices on soil chemical parameters. Soil 
bulk density (b) and moisture at field capacity (FC) were determined at the onset and end of 
experiment but aggregate stability analysis was conducted once at the end of the study. 
 
3. 3.1 Soil bulk density  
 
Sampling for soil b was done when soil moisture was near field capacity in Lenye two days 
following a heavy rain shower. In Burnshill, the soil was first saturated with water after building 
an earth wall of 0.3 m × 0.3 m to prevent run off and samples taken after two hours when the 
gravimetric water content was 38 %. The top 2 cm of surface soil was removed with a spade in all 
sampling spots (Anderson & Ingram, 1996).  A coring metal ring of known mass (m1) and 
volume (V) was driven into the soil using a core sampler. Excess soil was trimmed and soil dried 
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at 105
o
C for 48 h and dry soil mass determined (m2). Bulk density was then calculated as shown 
below (Eqs. 1 and 2): 
b (g cm
-3
) = (m2 - m1)/V                            (1) 
For the Vertisol, b was determined using the following formula as described by Anderson & 
Ingram (1996): 
 b = 1/ 0.4046 + mmax; where mmax was the mass of saturated soil.             (2) 
Soil samples for aggregate stability determination were taken using a spade from the 0 to 10 cm 
depth and then placed in rigid containers immediately after sampling to avoid further breakage of 
aggregates.  
 
3.3.2 Soil moisture at field capacity 
The FC was estimated by tightly packing 100 g soil ( < 2 mm) in a 100-mL glass column until no 
more settling of the soil occurred (Savage, 1979) and the b of the disturbed soil was calculated. 
Ten mL of distilled water were added and the glass column covered with parafilm and left 
undisturbed for 24 hours. The wetting front for the soil was noted and the weight of wetted soil 
calculated as a product of volume of wet soil and the b of the soil. The percentage FC for the 
disturbed soil sample was calculated as the ratio of mass of water added to the dry mass of 
saturated soil. Soil texture was determined by the hydrometer method (Bouyoucos, 1927) with 
temperature adjustments, as described by Okalebo et al. (2002).  
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3.3.3  Aggregate stability analysis 
 
Aggregate stability was determined in triplicate according to methods proposed by Le Bissonnais 
(1996). The samples were first sieved between 3 and 5 mm mesh and dried at 40
o
C for 48 h. 
Samples (5 g) were then subjected to fast wetting (FW), slow wetting by capillary (SW), or 
mechanical breakdown by shaking (MB) according to Attou et al. (1998).  Fast wetting was done 
by gently immersing soil aggregates in 50 mL deionized water for 10 min. The water was drawn 
out by a pipette leaving behind the slaked aggregates.  Slow wetting was done by placing 
aggregates on a filter paper maintained at a matric potential of -0.3 kPa for 30 min and the 
residual aggregates collected thereafter. For mechanical breakdown by shaking, air was removed 
by immersing soil aggregates into 50 mL ethanol.  After 10 min, the ethanol was drawn by 
pipette and aggregates transferred to another flask with 50 ml deionised water. The flask was 
then filled with 200 mL of deionised water, corked and agitated end over end 20 times and left to 
stand for 30 min to allow coarse particles to settle. Suspended material and excess water were 
removed by pipette and residual aggregates collected. 
Following each test method, the residual aggregates were transferred to a 50 m sieve immersed 
in ethanol to prevent further disruption of soil aggregates. The aggregates which were retained 
on the sieve were transferred to evaporation dishes and dried at 40 
o
C for 24 h. The fragment size 
distribution (FSD) was determined by dry sieving the aggregates with a set of six sieves of 2, 1, 
0.5, 0.2, 0.1 and 0.05, mm in diameter. The weight of aggregates collected on each sieve was 
determined and expressed as a percentage of the initial sample dry mass. Aggregate stability was 
described using the resulting fragment size distribution in the seven granulometric classes and 
the mean weight diameter (MWD) calculated as follows (Eq. 3): 
55 
 
100
7
1


ii wx
MWD
                            (3) 
where xi was the mean inter-sieve size and wi is the percentage of soil fragments left in the 
sieve. 
The results of fragment classes were grouped into macro (>0.2 mm in diameter) and micro 
(<0.02 mm in diameter) aggregates. Micromorphological characteristics of the samples were 
evaluated with a scanning electron microscope (SEM) (Quanta 200 Phillips). 
 
3.3.4 Data analysis 
 
Statistical analysis was done following analysis of variance techniques as outlined by Gomez & 
Gomez (1984) using the Genstat Release 4.24DE statistical software (Lawes Agricultural Trust, 
2008). Significance was determined for all analysis at the 0.05 probability level. Comparisons 
among treatment means were made in accordance with Duncan’s multiple range test (Duncan, 
1955) using the Mstat C software.  
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3.4          RESULTS 
3.4.1 Soil physical properties as affected by tillage and crop rotations 
3.4.1.1 Bulk density  
 
Averaged across all treatments, the mean soil b was higher in Burnshill than Lenye (Table 3.1).  
Soil b was significantly affected by crop rotations at Burnshill (p ≤ 0.01). Averaged across 
tillage treatment, maize-oat rotation resulted in significantly lower b compared to MFM and 
MWM rotations at Burnshill. The tillage × rotation interaction was significant for b in Lenye (p 
≤ 0.05) in that the maize-oat rotation resulted in higher b than MFM and MWM rotations under 
NT while the converse was the case under CT. Across tillage and crop rotation treatments, soil 
b increased by 2-12 % in Burnshill and by 1-6 % in Lenye from 2005 to 2008 (Tables 2.2 and 
3.1). 
 
Table 3.1 Effects of tillage (T) and crop rotations (R) on soil bulk density at Burnshill and Lenye 
 Site 
 Burnshill  Lenye 
        Tillage (T) 
 NT CT Means  NT CT Means 
Rotation (R) ----------------------------------g cm
3
----------------------------------- 
MFM 1.54 1.47 1.50b  1.38a 1.40ab 1.39 
MWM 1.48 1.53 1.50b  1.40ab 1.42b 1.41 
MOM 1.42 1.40 1.41a  1.42b 1.36a 1.39 
Means 1.47 1.47   1.40 1.39  
Grand mean   1.47    1.40 
ANOVA                                       Probability of greater F  
parameters          
T 0.735
NS
  0.802
 NS
 
R 0.005**  0.440
 NS
 
T×R 0.147
 NS
  0.032* 
CV (%) 4  2 
NT-no till; CT-conventional tillage; MFM-maize-fallow-maize; MWM-maize-wheat 
-maize; MOM-maize-oat-maize; a, b - means in row and column followed by different  
letters are significantly different at p ≤ 0.05; *, ** significant at p ≤ 0.05 and 
 0.01, respectively; NS-not significant; CV–coefficient of variation; R = rotations 
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3.4.1.2 Soil moisture at field capacity  
 
The mean FC (average of all tillage and crop rotation treatments) was higher in Burnshill than 
Lenye (Table 3.2).  Tillage had no effect on FC at both sites (Table 3.2). However, crop rotations 
significantly affected FC in Burnshill (p ≤ 0.01) but had no effect in Lenye. Averaged across 
tillage treatments, MFM and MOM rotation resulted in significantly higher FC compared to 
MWM rotation at Burnshill. The tillage × rotation interaction had no effect on FC at both sites. 
Across tillage and crop rotation treatments, FC increased by 0-2 % in Burnshill and 0-21 % in 
Lenye from 2005 to 2008 (Tables 2.2 and 3.2). 
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Table 3.2 Effects of tillage (T) and crop rotations (R) on soil moisture at field capacity in 
Burnshill and Lenye 
 Site 
 Burnshill  Lenye 
         Tillage (T) 
 NT CT Means  NT CT Means 
Rotation (R) -------------------------------------%------------------------------------ 
MFM 19 19 19b  16.4 14.8 15.6 
MWM 18 18 18a  14.6 14.8 14.7 
MOM 19 19 19b  14.8 18.2 16.5 
Means 18.7 18.7   15.9 16.3  
Grand Mean   18.7    16.1 
 
ANOVA                                       Probability of greater F  
parameters          
T 0.161
 NS
  0.959
 NS
 
R 0.002**  0.134
 NS
 
T×R 0.853
 NS
  0.456
 NS
 
CV (%) 2  6 
NT-no till; CT-conventional tillage; MFM-maize-fallow-maize; MWM-maize 
-wheat-maize; MOM-maize-oat-maize; a, b - means in row and column followed  
by different letters are significantly different at p ≤ 0.05; ** significant at p ≤ 0.01;  
NS-not significant; CV–coefficient of variation 
 
 
3.4.1.3 Aggregate stability  
 
The MWD (average of all tillage and crop rotation treatments) by FW method was higher in 
Lenye than Burnshill (Table 3.3). Tillage, rotation and their interaction effects on soil aggregate 
MWD as determined by FW were not significant in Burnshill (p ≤ 0.05) while in Lenye only 
crop rotations affected this parameter (p ≤ 0.01). Averaged across tillage treatments, maize-oat 
rotation resulted in signicantly higher aggregate MWD by FW method compared to MFM and 
MWM rotations in Lenye.  
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Table 3.3 Effects of tillage (T) and crop rotations (R) on aggregate stability as determined by fast 
wetting in Burnshill and Lenye 
 Site 
 Burnshill  Lenye 
         Tillage (T) 
 NT CT Means  NT CT Means 
Rotation (R) -------------------------------MWD (mm)----------------------------- 
MFM 0.27 0.25 0.26  0.63 0.47 0.55a 
MWM 0.30 0.26 0.28  0.54 0.50 0.52a 
MOM 0.28 0.27 0.27  0.78 0.63 0.69b 
Means 0.28 0.26   0.64 0.53  
Grand mean  0.27     0.59 
ANOVA                                        Probability of greater F  
parameters          
T 0.211
 NS
  0.080
 NS
 
R 0.345
 NS
  0.009** 
T×R 0.449
 NS
  0.409
 NS
 
CV (%) 9  17 
MWD-mean weight diameter (mm); NT-no till; CT-conventional tillage; MFM 
-maize-fallow-maize; MWM-maize-wheat-maize; MOM-maize-oat-maize; a, b  
- means in row and column followed by different letters are significantly different  
at p ≤ 0.05; ** significant at p ≤ 0.01; NS-not significant; CV–coefficient  
of variation 
 
The mean MWD (average of all tillage and crop rotation treatments) by SW method was higher 
in Lenye than Burnshill (Table 3.4). Tillage had no effect on aggregate MWD by the SW method 
at both sites. Crop rotation significantly affected this parameter in Burnshill (p ≤ 0.01) but not in 
Lenye. Averaged across tillage treatments, MFM and MWM rotations resulted in significantly 
higher aggregate MWD relative to MOM rotation. In Lenye, the two-way interaction of tillage × 
rotation was significant for aggregate MWD determined by SW method (p ≤ 0.01). The MOM 
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rotation resulted in lower aggregate MWD determined by the SW method relative to MFM and 
MWM rotations under NT while the converse was the case under CT. 
 
Table 3.4 Effects of tillage (T) and crop rotations (R) on aggregate stability as determined  
by slow wetting in Burnshill and Lenye 
 
 Site 
 Burnshill  Lenye 
         Tillage (T) 
 NT CT Means  NT CT Means 
Rotation (R) ----------------------------MWD (mm)-------------------------------- 
MFM 0.65 0.52 0.58b  1.05b 0.93a 0.99 
MWM 0.60 0.73 0.66b  1.05b 0.91a 0.98 
MOM 0.44 0.51 0.48a  0.98ab 1.15b 1.07 
Means 0.56 0.62   1.03 1.00  
Grand mean   0.59    1.02 
ANOVA                                       Probability of greater F  
parameters          
T 0.616
 NS
  0.663
 NS
 
R 0.010*  0.096
 NS
 
T×R 0.059
 NS
  0.002** 
CV (%) 18  7 
MWD-mean weight diameter (mm); NT-no till; CT-conventional tillage; MFM 
-maize-fallow-maize; MWM-maize-wheat-maize; MOM-maize-oat-maize;  Means 
 within a site colum or row followed by same letter or none are not significantly different  
at p ≤ 0.05; *, ** significant at p ≤ 0.05 and 0.01, respectively; NS-not significant;  
CV–coefficient of variation 
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The mean MWD (average of all tillage and crop rotation treatments) determined by mechanical 
breakdown through shaking (MB) was higher in Lenye than Burnshill (Table 3.5). The aggregate 
MWD determined by MB method in both Burnshill and Lenye was not affected by tillage, crop 
rotation or their interactions. 
 
Table 3.5 Effects of tillage  (T) and crop rotations (R) aggregate MWD as determined by 
mechanical breakdown in Burnshill and Lenye 
 Site 
 Burnshill  Lenye 
         Tillage (T) 
 NT CT Means  NT CT Means 
Rotation (R) -----------------------------MWD (mm)------------------------------- 
MFM 0.72 1.04 0.88  1.67 1.65 1.66 
MWM 0.72 0.84 0.78  1.53 1.62 1.58 
MOM 0.70 0.94 0.82  1.51 1.83 1.67 
Means 0.71 0.94   1.56 1.70  
Grand mean   0.83    1.63 
ANOVA                                        Probability of greater F  
parameters          
T 0.054
 NS
  0.193
 NS
 
R 0.126
 NS
  0.507
 NS
 
T×R 0.130
 NS
  0.203
 NS
 
CV (%) 11  11 
MWD-mean weight diameter; NT-no till; CT-conventional tillage; MFM-maize 
-fallow-maize; MWM-maize-wheat-maize; MOM-maize-oat-maize; means  
in row and column followed by no letters are not significantly different at p ≤ 0.05;  
NS-not significant; CV–coefficient of variation 
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The mean SI (average of all tillage and crop rotation treatments) was higher in Lenye than 
Burnshill (Table 3.6). Tillage had no effect on the stability index (SI) in Burnshill but had a 
significant effect in Lenye (p ≤ 0.05). No till resulted in a significantly higher SI relative to CT in 
Lenye. Crop rotations had a significant effect on SI in both sites. The MOM rotation resulted in 
constantly higher SI values relative to the MFM and MWM rotations at both sites. The tillage × 
rotation interaction on SI was not significant at both sites. Generally, Lenye soil displayed higher 
aggregate MWD values for all the four soil aggregation measurements (Tables 3.3-3.6). 
 
Table 3.6 Effects of tillage (T) and crop rotations (R) on aggregate stability index in Burnshill 
and Lenye 
 Site 
 Burnshill  Lenye 
         Tillage (T) 
 NT CT Means  NT CT Means 
Rotation (R)  
MFM 0.42 0.50 0.46a  0.60 0.51 0.55a 
MWM 0.50 0.37 0.44a  0.51 0.55 0.53a 
MOM 0.63 0.53 0.58b  0.79 0.54 0.66b 
Means 0.52 0.47   0.63b 0.53a  
Grand mean   0.50    0.56 
ANOVA                                        Probability of greater F  
parameters          
T 0.227
 NS
  0.033* 
R 0.012*  0.050* 
T×R 0.062
 NS
  0.059
 NS
 
CV (%) 18  18 
NT = no till; CT = conventional tillage; MFM = maize-fallow-maize; MWM =  
maize-wheat-maize; MOM = maize-oat-maize; a, b - means in row and column  
followed by different letters are significantly different at p ≤ 0.05;  
* Significant at p ≤ 0.05; NS-not significant; CV–coefficient of variation 
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3.4.1.4 Aggregate size distribution 
 
The fragment size distribution (FSD) collected after each of the 3 aggregate stability tests for 
Burnshill and Lenye are shown in Figs. 3.1a and b. In Burnshill, the percentage of fragments > 
0.2 mm (macroaggregates) when determined by FW method were 41 and 43 % for NT and CT, 
respectively (Fig.1a) The corresponding percentage fragment when determined by MB method 
were 73 and 79 % for NT and CT, respectively. The percentage fragments > 0.2 mm for 
macroaggregates when determined by SW method were 66 and 69 % for both NT and CT, 
respectively. In Lenye, the percentage fragments of macroaggregates > 0.2 mm when determined 
in FW method were 54 and 62 % for NT and CT, respectively (Fig.4.1b) The corresponding 
percentage fragments when determined by MB method were 80 and 82 % for NT and CT, 
respectively. The percentage fragments for macroaggregates (> 0.2 mm) when determined in SW 
method were 75 and 81 % for NT and CT in Lenye, respectively. Generally, Lenye had higher 
proportion of fragments > 0.2 mm than Burnshill for all methods used to assess soil aggregate 
stability. Except for aggregate MWD determined by MB method in Burnshill, NT resulted in 
relatively higher proportion of macroaggrgates (> 2 mm) compared to CT in both sites. 
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Fig. 3.1 Effect of tillage on fragment size distribution for (a) Burnshill and (b) Lenye.  Bars 
represent standard deviations. 
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Scanning electron microscope revealed microstructural differences between aggregates from NT, 
CT, MO and maize monoculture in Burnshill and Lenye (Figs. 3.2 a-f). Soil aggregates from NT 
and MO rotation treatments were coated and glued together by web-like organic structures (Figs. 
3.2a, c and e) for Burnshill and Lenye, respectively. By contrast, aggregates under CT and MM 
rotation had little organo-mineral coatings or/and web-like structures on their surfaces (3.2b, d 
and f).  
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(a)                                                              (b)                                                         (c)                              
     
(d)                                                                (e)                                                             (f) 
    
Fig. 3.2 Scanning electron microscope (SEM) micrographs of aggregate surfaces. NT-showing clear dense organic coatings in a web-
like structure in Burnshill (a) CT soil surface showing little organic coating and bridges in Burnshill (b) NT soil with a dense organic 
coating in Lenye (c) CT soil with mineral soil particles lightly bound together by organic materials in Lenye (d) Maize-oat-maize 
(MOM) rotation under NT with dense organic coatings on soil particles (e) Maize-fallow-maize (MFM) under NT with less dense 
organic coatings on soil particles (f) µm, micro-metre   
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3.5          DISCUSSION  
3.5.1 Effects of tillage and crop rotation on selected soil physical properties 
3.5.1.1 Bulk density 
 
The soil b ranged from 1.36 to 1.54 g cm
-3
 at 0-7.5 cm depth in Burnshill and Lenye 
(Table 3.1) and was greater than the ideal range of 1.1-1.3 g cm
-3 
for non-restricted plant 
root growth
 
(Landon, 1991). Silt and clay comprised over 50 % of the soil in both sites 
(Table 2.2) and soil b exceeding 1.46 g cm-3 for such soils would restrict root growth. 
According to Landon (1991), soil b exceeding 1.3 g cm
-3
 for clay soils could negatively 
interfere with soil aeration through reduced air-filled pore space.   Reduction in soil b 
under MOM compared to MFM rotation in Burnshill could be due to higher soil organic 
matter (SOM) under MOM relative to MFM rotation (Table 2.5). Angers and Mehuys 
(1989) reported that SOM promotes good soil structure and macroporosity whose net 
effect is reduction in soil density.  
High soil density in the MWM and MOM rotations relative to MFM rotation under NT 
could have been a result of intensive cropping under MWM and MOM rotations which 
likely enhanced soil aggregates breakdown thereby increasing soil density through 
reduction of soil micro and macroporosity. Low bulk density under MOM relative to 
MWM rotation under CT could be explained by differences in the decomposition of oat 
and wheat residues. Kumar & Goh (2003) reported that oat residues decompose at a 
faster rate than wheat residues. It is thus possible that the high organic residue 
decomposition products under MOM relative to MWM rotation under CT enhanced soil 
aggregation resulting in the observed reduced soil density under the former compared to 
the latter crop rotation. 
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Increase in soil bulk density under both tillage practices in Burnshill and Lenye from 
2005 to 2008 suggests that the soils are prone to compaction possibly due to high 
structural instability. The common occurrence of ponding water long after irrigation in 
these soils could thus be due to poor drainage as a result of compaction caused by 
previous use of heavy machinery under commercial crop production in the scheme from 
1985 to 1997. Soil compaction caused by intensive use of agricultural machinery was 
earlier reported by Hamza & Anderson (2005) in South Africa. 
 
3.5.1.2 Soil moisture at field capacity 
 
Averaged across tillage and crop rotation practices, FC in Burnshill and Lenye ranged 
from 16-19 % which fell within the reported range of 4 % in sandy to 45 % in heavy clay 
soils (Hillel, 1980). Both Burnshill and Lenye had similar sandy clay loam texture so the 
higher FC in Burnshill compared to Lenye could be attributed to higher soil organic 
matter inputs in the former compared to the latter site (Tables 2.2, 2.5  and 3.2).  
Similarly, the higher FC under MOM rotation compared to MFM rotation under both 
tillage practices could be attributed to higher organic matter returns to soil under maize-
oat rotation (15.1 g kg
-1
) relative to maize monoculture (13.3 g kg
-1
) (Tables 2.3 and 3.2) 
which translated  to corresponding organic carbon levels (Table 2.5) which in turn 
positively influenced water retention. 
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3.5.1.3 Aggregate stability 
 
Soil aggregate MWD is qualitatively related to aggregate strength and increases with 
increasing aggregate stability (Zhang & Horn, 2001; Muukhom & Kay, 2002).  
According to Le Bissonnais (1996), MWD can be divided into five classes related to soil 
aggregate stability as follows: < 0.4 mm is very unstable, 0.4-0.8 is unstable, 0.8-1.3 is 
partly unstable, 1.3-2 is stable, and > 2 mm is very stable.  
In Burnshill, the NT system had aggregate MWDs > 0.28 mm for the three crop rotations 
as determined by FW while the corresponding CT values were < 0.27 mm. Soil organic 
matter reportedly increases the cohesion of aggregates and the observed high SOC under 
NT compared to CT could have contributed to more stabilization of soil aggregates under 
the former compared to the latter tillage practice (Chenu et al., 2000). According to 
criteria used by Le Bissonais (1996), all crop rotations under the two tillage systems 
resulted in low aggregate stability which could be classified as unstable (Tables 3.3-3.5). 
Unstable aggregates quickly collapse under pressure of irrigation or high rainfall 
resulting in surface sealing and physical crust formation and hence soil erosion (Woyesa 
& Bennie 2004). The observed tendency of irrigation water to pond long after irrigation 
session in flat lying fields in Burnshill could be due to this aggregate instability.  
 
Similar to Burnshill, in Lenye NT had slightly higher aggregate MWDs compared to CT 
under three crop rotations and were > 0.47 mm when determined by FW. The less 
aggregate disruptive forces associated with SW and MB compared to FW resulted in 
aggregates with MWDs > 0.91 mm when considered across tillage and crop rotation 
practices (Tables 3.4 and 3.5). These results indicate that the soils for the three rotations 
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under both tillage practices had medium to high aggregate stability as determined by SW 
and MB hence could be classified as partly stable to stable. The higher inherent soil 
stability in Lenye relative to Burnshill is also inferred in their soil structure where Lenye 
is rated as strong medium subangular blocky and Burnshill as medium subangular blocky 
(Table 2.1). Higher mass percentage for macroaggregates (>0.2 mm) in Lenye relative to 
Burnshill further underscores the high soil stability in the former compared to the latter 
site (Fig. 3.1a and b).  
High rate of decomposition of oats relative to wheat residues (Kumar & Goh, 2003; 
Smith & Sharpley, 1990) could have enhanced the associated decomposition products 
under MOM relative to the MFM and MWM rotations. This in turn could have enhanced 
water repellence of soil aggregates under this rotation relative to the MFM and MWM 
rotations at Lenye (Table 3.3). According to Chenu et al. (2000) greater water repellence 
minimises soil aggregate disruption resulting in a greater proportion of large sized 
aggregates.  The superiority of MOM rotation in improving soil aggregate stability 
relative to the MFM rotation (Table 3.3)  could also be due to the fact that aggregates 
under MOM rotation exhibited dense surface coatings with visible organic bridges (Fig. 
3.2e) compared to those under MFM (Fig.3.2f) which showed little evidence of mineral 
particles bound by organic bridges.  
Aggregates under NT also displayed more binding by organic matter compared to CT 
(Figs. 3.2a-d). Higher plant biomass inputs under MWM rotation and longer off-season 
period under MFM rotation enhanced organic residue decomposition products which 
resulted in higher soil aggregates stability under MFM and MWM rotations relative to 
MOM rotation in Burnshill (Table 3.4). Reduced soil-residue contact under NT 
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presumably minimised production of organic residue decomposition products under all 
rotations despite higher plant biomass inputs under MWM and MOM rotations than 
MFM rotation resulting in similar aggregate sizes under the three crop rotations. 
However, improved soil-crop residue under CT and higher oat decomposition rate 
relative to wheat and maize (Kumar & Goh, 2005) resulted in higher stabilization of 
aggregates by organic residue decomposition products under MOM relative to MFM and 
MWM rotations at Lenye. 
 The stability index (SI) proposed by Amezketa et al. (1996) directly reflects soil stability 
and allows samples to be compared on a scale of zero to one. Using this parameter, Lenye 
soil displayed relatively higher SI compared to Burnshill (Table 3.6). The high SI 
observed under NT relative to CT in Lenye presumably reflects less soil aggregate 
disruption associated with NT compared to CT (Coelho et al., 2000). The high SI for 
MOM relative to MFM and MWM rotations in both sites could have resulted from high 
soil aggregate stability by SOM due to higher oat residue decomposition rate relative to 
maize and wheat.  
 
Lenye soil had greater soil aggregate MWD determined by the three aggregate stability 
methods and SI relative to Burnshill despite having lower SOM levels. According to 
Shepherd et al. (2001) this could reflect the influence of factors other than SOM on 
aggregate stability such as soil mineralogy type and the location of organic C in soil 
aggregates. Reid & Goss (1981) and Karin et al. (2003) have shown that Fe oxides 
contributed to soil aggregate stabilization by strengthening the links between organic 
matter and soil mineral matrix. Manyevere (2010) showed that the Fe content in Lenye 
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was six times higher than in Burnshill (80 vs. 13 mg Fe kg
-1
) and  it is therefore possible 
that higher Fe content in Lenye was responsible for the observed greater soil structural 
stability at this site compared to Burnshill (Tables 3.3-3.6). 
The lack of clear distinction in fragment size distribution (FSD) between NT and CT in 
both sites could be due to shorter period (< 3 years) under alternative tillage systems 
(Figs. 3.2a and b). These findings are also in agreement with those of Eynard et al. (2004) 
who observed that meaningful differences between tillage systems were only observed 
after a period of 5 to 10 years. Shepherd et al. (2001) also observed differences in soil 
water stable aggregate MWD in the 11
th
 year following conversion of cropland to pasture 
on a Manawatu silt loam soil in New Zealand.  
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3.6      CONCLUSIONS 
 
The selected soil structure stability parameters studied were highly influenced by soil 
organic C quantities and distribution within the profile rather than tillage practices. High 
SOC under MOM relative to other two crop rotations translated to reduced soil bulk 
density in Burnshill. Similarly, high soil moisture at field capacity in Burnshill compared 
to Lenye was attributed to the positive effect of SOC increase on soil structure and 
porosity. No consistent trend was observed between tillage practices in relationship to 
aggregate stability as determined by  slow wetting in Burnshill and Lenye probably 
reflecting the influence of both soil organic C and minerlology on this parameter.  
However, the positive effect of minimising aggregate disruption with SOC increase was 
evidenced by higher aggregate stability index under MOM compared to MFM and MWM 
rotations in Burnshill and Lenye. The higher aggregate stability index under no till 
compared to conventional tillge observed in both sites reflected the positive aspect of 
both tillage and SOC accumulation on minimizing soil aggregate disruption. Overall, no 
till and MWM and MOM rotations that promoted rapid soil organic C accumulation 
relative to MFM enhanced soil structural stability and other related parameters studied.  
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CHAPTER 4 
 
TILLAGE AND CROP ROTATIONS EFFECTS ON SELECTED SOIL 
 BIOLOGICAL PROPERTIES AT ZANYOKWE IRRIGATION SCHEME,  
SOUTH AFRICA 
 
4.1 ABSTRACT 
 
Soil microbiological parameters can be used as indicators of soil quality for assessing the 
sustainability of agricultural ecosystems. The aim of this study was to assess the short-
term effects of conservation agriculture (CA) practices of no-till and crop rotations on 
soil microbial parameters under irrigated maize production at Burnshill and Lenye blocks 
in Zanyokwe Irrigation Scheme (ZIS). The tillage treatments were no tillage (NT) and 
conventional tillage (CT) while crop rotations treatments were maize-fallow-maize 
(MFM), maize-wheat-maize (MWM) and maize-oat-maize (MOM). A split-plot design 
was used with tillage treatments as the main-plots and crop rotations as subplots, with 
four replications. Soil respiration (SR), mineralized nitrogen (MN), dehydrogenase 
enzyme activity (DHEA), microbial biomass carbon (MBC) and nitrogen (MBN) were 
determined at 0-5 and 5-20 cm soil depths in 2008 after 5 cropping cycles. Microbial 
properties varied with plant biomass input as influenced by tillage and type of rotational 
cover crop at both sites. No till increased MBC, MBN, MN and SR relative to CT in the 
0-5 cm in Burnshill. Across crop rotation treatments, NT increased MN compared to CT 
at both sampled soil depths in Lenye and resulted in higher DHEA relative to CT in 
Burnshill. The MOM rotation increased MBC, MBN, MN relative to MFM rotation in the 
0-5 cm depth at Burnshill presumably due to higher plant biomass returns to soil relative 
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to MFM. Similar trends were observed for MN and SR in the 0-5 and 5-20 cm depth at 
Lenye. The DHEA was higher under MFM relative to MWM and MOM rotations 
possibly in response to more favourable residue decomposition environment with longer 
off-season period compared to double cropping with wheat and oats. These short-term 
results suggest the need for further research to establish the potential role of wheat and 
oat cover crops in enhancing ecological stability under irrigated maize production at ZIS. 
Keywords Cover cropping; tillage; soil biological properties 
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4.2         INTRODUCTION 
 
In South Africa, soil degradation is highly linked to loss of soil organic matter (SOM) 
and its indicator elements, mainly C and N (Mills & Fey, 2003), which ultimately lead to 
loss of biodiversity and soil sterilization (Klintworth, 1957, De Villiers et al., 2005). 
Decline in SOM in the commercial farming sector is attributed to intensive tillage, 
monoculture cereal production and absence of crop rotations (Dutoit et al., 1994).   No-
till with appropriate crop rotations and/or cover crops has been shown to improve the 
productivity of degraded soils (Bruce et al., 1995).  
Legume cover crops increase N supply and reduce fertilizer N requirement for the main 
crop while non-legumes capture residual N and prevent it from leaching (Saiju et al., 
2007). In comparison to CT, NT improves SOM reserves, soil structure and decreases 
soil temperature and moisture flactuations (Bayer et al., 2000). The improvement of 
SOM in turn enhances production of enzymes (Tabatabai & Senwo, 2005) which are 
important for nutrient cycling. Crop rotations change the soil habitat due to their 
differences in extracting nutrients, rooting depth, amount and quality of residues which 
remain in soil. Crop rotations can also stimulate soil biodiversity and biological activity 
compared to monoculturing (Dick, 1984).  
Microbial biomass, the active component of soil organic matter, represents 1–5% of total 
organic matter content (Stevenson, 1994). Munoz et al. (2005) reported substantial 
increase in soil biomass in the form of microbial culturable colony forming units with 
direct seeding relative to CT after 3 years with winter oat cover crop under maize 
production in semi-arid sandy loam soil in central Spain. A major outcome of 
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enhancement of soil microbial biomass is increased immobilizations of C and N that are 
slowly released according to plant needs (Franchini et al., 2007).  
 
One of the indices of microbial activity is basal respiration rate (CO2 evolution). Dao 
(1998) established that carbon loss to the atmosphere occurred at flux densities averaging 
4.2 to 5.8 kg CO2-C ha
-1
 d
-1
 during a 60-d period following soil disturbance through 
tillage during the non cropped period of winter wheat production on Paleustols. Tillage 
and crop residue incorporation were also reported to enhance CO2-C efflux in a grass sod 
and winter wheat fallow management system. Franchini et al. (2007) reported similar 
CO2-emmision rates under NT and CT management before tillage; however ploughing 
increased CO2 losses in CT by 57 % relative to NT under maize/oat/wheat/soybean 
rotation on oxisols in southern Brazil.  
Enzyme activity in the soil environment is considered important in contributing to the 
overall soil microbial activity and soil quality (Dick et al., 1988) and is considered to be 
an indicator of the soil organic matter content (Frankenberger & Dick, 1983). Roldan et 
al. (2003) reported an increase in dehydrogenase enzyme activity with increase in residue 
cover and N application in a poorly structured sandy loam soil in Mexico.  Bergstron et 
al. (1999) found urease and phosphatase activities as sesnsitive indicators of SOM 
accumulation associated with long-term conservation tillage management practices in 
USA.  
However, there is limited information on soil biological changes brought about by 
conservation agriculture (CA) practices of NT, permanent soil cover and rotational cover 
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cropping in South Africa. Results on the short term effects of these practices on selected 
soil chemical and physical properties are presented in chapters 2 and 3, respectively.  The 
objective of the present study was to assess the short-term effects of tillage and crop 
rotations on soil respiration, nitrogen mineralization, dehydrogenase enzyme activity, 
microbial biomass C and N under irrigated maize production at Zanyokwe Irrigation 
Scheme in the Eastern Cape, South Africa.  
4.3 MATERIALS AND METHODS 
 
Details on soil type, trial layout and design, test crops used and sample storage are as 
described in chapter 2.  
 
4.3.1  Microbial biomass C and N analysis 
 
Soil microbial biomass C and N were estimated using the chloroform fumigation-
incubation method (Jenkinson & Powlson, 1976). Two samples of approximately 20 g air 
dry soil for each treatment was placed in 50-ml beakers, soil water content adjusted to 
field capacity with deionized water (4 and 3 ml for Burnshill and Lenye, respectively), 
and pre-incubated for five days to stabilize soil microbial biomass following disturbance 
caused by soil drying and rewetting (Franzluebbers et al., 1996).  After pre-incubation 
period, one of the two samples was fumigated (treated) with alcohol-free chloroform in a 
vacuum desiccator with a wet paper towel at the bottom and a 100-ml beaker containing 
25 ml of chloroform and boiling chips. For fumigated samples, vacuum was applied until 
chloroform boiled rapidly and desiccator closed and stored in the dark for 24 hours. The 
second desiccator contained the non-fumigated (control) samples which were neither 
fumigated nor evacuated but handled in same way as fumigated or treated samples. The 
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fumigated samples were evacuated 12 times using a vacuum pump after removal of 
beaker containing chloroform and the paper towel. Fumigated and nonfumigated soil 
samples were incubated in 1-L airtight glass canning jars in presence of 10 ml of 1 M 
NaOH at 25
o
C for 10 days.  The amount of CO2-C trapped in NaOH solution was 
determined by back titration with 1 N HCl (Anderson, 1982). Soil microbial biomass C 
was determined using the following equation (Vorony & Paul, 1984, Eq.1): 
 
cfcc KUFMBC             (1) 
     Where Fc = CO2 - C for fumigated sample 
             Ufc = CO2-C   for nonfumigated sample 
                Kc  0.41– proportion of biomass C mineralized 
  
Mineral N (NH4-N and NO3-N) in fumigated and unfumigated samples was extracted 
with 50 ml of 0.5 M K2SO4 after shaking in a reciprocating shaker at 200 rpm for 25 min 
(Okalebo et al., 2002). The NO3-N concentration was determined using a 
spectrophotometer after development of yellow colour using 5 % salicylic acid in 
concentrated sulphuric acid. The NH4-N concentration was also determined using 
spectrophotometer after development of blue colour using salicylate-nitroprusside 
colorimetric method (Okalebo et al., 2002). Soil microbial biomass N (MBN) was 
determined using the following equation (Carter & Rennie, 1982, Eqt. 2)  
 
NfNN KUFMBN                    (2) 
Where FN = N for fumigated sample 
          UfN = N for non fumigated sample 
            KN  0.41– proportion of biomass N mineralized  
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4.3.2 Nitrogen mineralization  
 
Nitrogen mineralized during the 10 day incubation period was estimated from differences 
in quantities of NH4-N and NO3-N concentration between incubated nonfumigated and 
freshly extracted reference samples. The reference sample represents the in situ inorganic 
soil N concentration. Mineral N concentration was determined as described in the section 
above.  
 
4.3.3  Soil respiration 
 
Fifty grams of sieved soil (< 2mm) was placed in 100 ml beaker and moisture adjusted to 
55 % water holding capacity and placed in 1 L jar (Alef, 1995). Twenty five ml of 0.05 
M NaOH was placed in glass bottle and placed inside the jar which was immediately 
made airtight using parafilm. The jars were incubated at 25
o
C and CO2 trapped in NaOH 
removed on days 3, 6, 9, 12 and 15 for titration with 0.05 M HCl after adding 5 ml of 0.5 
M barium chloride. 
 
The rate of soil respiration was calculated using the following equation (Eq. 3). 
 
dwt
SWVV
mgCO
1.1
)( 02

              (3) 
Where  SW = weight of dry soil 
             Vo = volume of HCl used for blank 
       V = volume of HCl for soil sample 
           dwt = dry weight of 1 g moist soil 
        1.1 is a conversion factor (1 ml 0.05 M NaOH equals 1.1 mg CO2) 
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4.3.4  Soil dehydrogenase enzyme activity  
 
Dehydrogenase enzyme activity (DHEA) in the most microbial active soil layer (0-5 cm) 
(Dumanski et al., 2006) was assayed according to methodology outlined by Casida et al. 
(1964). Twenty grams of air dry soil (< 2 mm) was placed in 50-mL beakers and 
thoroughly mixed with 0.2 g CaCO3.  A 6 g portion of the soil mixture was placed in a test 
tube and 1-mL aqueous solution of 3 % 2, 3, 5-triphenyltetrazolium chloride (TTC) and 
2.5 mL distilled water added. The soil liquid mixture in each tube was thoroughly mixed 
covered and incubated at 37
o 
C for 24 hr.  The 2, 3, 5-triphenyl formazan (TPF) solution 
was filtered (Whatman no. 42) into a 100 mL volumetric flask using 10 mL portions of 
methanol up to the mark. The intensity of reddish colour was read on a 
spectrophotometer at a wavelength of 485 nm. 
 
4.3.5  Data analysis 
 
Data from the two sites were analysed separately in that Burnshill had been under 
conservation agriculture management practices for 4 years as opposed to 2 years in 
Lenye. Statistical analysis was done following analysis of variance techniques as 
described by Gomez & Gomez (1984) using the Genstat Release 4.24DE statistical 
software (Lawes Agricultural Trust, 2008). Significance was determined for all analysis 
at the 0.05 probability level. Comparisons among treatment means were made in 
accordance with Duncan’s multiple range test (Duncan, 1955) using the Mstat C 
software.  
. 
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4.4 RESULTS 
 
4.4.1 Effects of tillage and crop rotations on soil biological properties 
4.4.1.1 Microbial biomass carbon  
 
The mean MBC (average of all tillage and crop rotation treatments) in the 0-5 cm depth 
was higher in Burnshill than in Lenye but the converse was the case in 5-20 cm depth 
(Table 4.1). In Burnshill, MBC in 0-5 cm was higher compared to 5-20 cm depth but 
there were minimal differences between the two soil depths in Lenye. Tillage had no 
significant effect on MBC in the 0-5 cm depth, but was significant in 5-20 cm depth at 
Burnshill and Lenye (p ≤ 0.05). Crop rotation had significant effect on MBC in 0-5 (p ≤ 
0.01) and 5-20 cm depths (p ≤ 0.001) at Burnshill. Maize-oat rotation resulted in 
significantly higher MBC compared to MFM and MWM rotations. The tillage × rotation 
interaction effect on MBC was not significant at 0-5 cm depth but was significant at 5-20 
cm depth (p ≤ 0.05) at Burnshill. The soil MBC trend in 5-20 cm depth under NT was 
MFM > MOM > MWM and MFM > MWM > MOM under CT.  
Tillage had no significant effect on MBC at 0-5 cm depth but not significant in 5-20 cm 
depth (p ≤ 0.05) at Lenye. No till resulted in significantly higher MBC than CT in the 5-
20 cm depth in Lenye.  Crop rotation had no significant effect on MBC at 0-5 and 5-20 
cm depths at Lenye, but, the tillage × rotation interaction effect on MBC was significant 
at both sampled depths (p ≤ 0.001). The MBC trend under NT was MWM > MOM > 
MFM and MFM > MOM > MWM under CT in 0-5 cm depth. In the 5-20 cm depth, 
MBC trend under NT was MWM > MOM > MFM and MFM > MOM > MWM under 
NT. There was a strong and positive correlation between MBC and MN (R
2
=0.87; Fig. 
4.1a).  
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Table 4.1 Effects of tillage (T) and crop rotations (R) on soil microbial biomass carbon at 
Burnshill and Lenye 
Site  Depth (cm) 
  0-5  5-20 
           Tillage (T) 
  NT CT Means  NT CT Means 
Burnshill Rotation (R) ---------------------------------g C kg
-1
--------------------------------- 
 MFM 0.98 0.80 0.89a  0.62d 0.55bc 0.58c 
 MWM 0.90 0.84 0.87a  0.45a 0.49ab 0.47a 
 MOM 1.07 1.06 1.07b  0.58cd 0.48a 0.53b 
 Means 0.98 0.90   0.55b 0.51a  
 Grand mean (Depth mean) 0.94    0.53 
 ANOVA                Probability of greater F  
parameters          
 T 0.131
NS
  0.020

 
 R 0.003

  0.001

 
 T×R 0.272
 NS
  0.029

 
 CV (%) 10  9 
Lenye MFM 0.64a 1.03c 0.84  0.66a 1.10d 0.83 
 MWM 0.93bc 0.81ab 0.87  0.93cd 0.88bc 0.86 
 MOM 0.70a 0.89bc 0.80  0.73a 0.92c 0.78 
 Means 0.74 0.91   0.75a 0.97b  
 Grand mean (Depth mean) 0.83    0.88 
 ANOVA                Probability of greater F  
parameters          
 T 0.075
 NS
  0.011

 
 R 0.300
 NS
  0.277
 NS
 
 T×R 0.001

  0.001

 
 CV (%) 12  11 
NT-no till; CT-conventional tillage; MFM-maize-fallow-maize; MWM-maize-wheat-
maize; MOM-maize-oat-maize; T-tillage; R-crop rotation; T×R- tillage and crop rotation 
interaction; a, b, c, d- means in row and column within a depth interval followed by 
different letters are significantly different at p ≤ 0.05; *, **, *** Significant at p ≤ 0.05, 
0.01 and 0.001, respectively; NS-not significant; CV–coefficient of variation  
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4.4.1.2 Soil microbial biomass nitrogen  
 
The mean MBN (average of all tillage and crop rotation treatments) in the 0-5 cm depth 
was higher in Burnshill than in Lenye but the converse was the case in the 5-20 cm depth 
(Table 4.2). In Burnshill, MBN in 0-5 cm was higher compared to 5-20 cm depth but 
there were minimal differences between the two soil depths in Lenye. Tillage had 
significant effect on MBN in the 0-5 cm depth (P ≤ 0.05) whereby NT resulted in higher 
MBN relative to CT. The tillage × rotation interaction effect on MBN was significant in 
Burnshill (P ≤ 0.01). Under NT, the MBN trend was MFM > MOM > MWM and MWM 
> MOM > MFM in 0-5 cm depth under CT.  In 5-20 cm depth, tillage × rotation 
interaction effect was not significant in Burnshill. At Lenye, tillage, crop rotation and 
their interaction effects were not significant. There was a strong and positive correlation 
between MBN and MN (R
2
=0.95; Fig. 4.1b). 
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Table 4.2 Effects of tillage (T) and crop rotations (R) on soil microbial biomass nitrogen 
at Burnshill and Lenye 
Site  Depth (cm) 
  0-5  5-20 
           Tillage (T) 
  NT CT Means  NT CT Means 
Burnshill Rotation (R) ---------------------------------g N kg
-1
------------------------------- 
 MFM 0.25c 0.15a 0.20  0.13 0.14 0.13 
 MWM 0.22bc 0.22bc 0.22  0.09 0.15 0.12 
 MOM 0.24bc 0.21b 0.23  0.12 0.12 0.12 
 Means 0.24b 0.19a   0.11 0.13  
 Grand mean (Depth mean) 0.22    0.12 
 ANOVA                Probability of greater F  
parameters          
 T 0.011

  0.186
 NS
 
 R 0.162
 NS
  0.593
 NS
 
 T×R 0.006

  0.121
 NS
 
Lenye CV (%)    
 MFM 0.13 0.13 0.13  0.18 0.15 0.17 
 MWM 0.15 0.16 0.15  0.15 0.16 0.16 
 MOM 0.11 0.13 0.12  0.14 0.14 0.14 
 Means 0.13 0.14   0.16 0.15  
 Grand mean (Depth mean) 0.14    0.16 
 ANOVA                Probability of greater F  
parameters          
 T 0.510
 NS
  0.960
 NS
 
 R 0.077
 NS
  0.707
 NS
 
 T×R 0.761
 NS
  0.950
 NS
 
 CV (%) 25  22 
NT-no till; CT-conventional tillage; MFM-maize-fallow-maize; MWM-maize-wheat-maize; 
MOM-maize-oat-maize; T-tillage; R-crop rotation; T×R- tillage and crop rotation interaction; a, 
b, c - means in row and column within a depth interval followed by different letters are 
significantly different at p ≤ 0.05; * and ** Significant at p ≤ 0.05 and 0.01, respectively; NS-not 
significant; CV–coefficient of variation. 
 
 
 
86 
 
 (a)                                                                   (b) 
 
Fig. 4.1 Relationship between MBC and MN (a), and MBN and MN (b) in Burnshill 
4.4.1.3 Nitrogen mineralization  
 
The mean MN (average of all tillage and crop rotation treatments) in 0-5 cm depth was 
higher in Lenye relative to Burnshill and similar at both sites in the 5-20 cm depth (Table 
4.3). Mineralized nitrogen was higher in the 5-20 compared to 0-5 cm depth in both sites.  
Tillage had no significant effect on MN in the 0-5 cm depth but was significant at 5-20 
cm depth (p ≤ 0.001) at Burnshill. Across crop rotation treatments, NT significantly 
increased MN relative to CT in 5-20 cm depth. Crop rotation significantly affected MN in 
0-5 cm (p ≤ 0.001) depth but its effect was not significant at 5-20 cm depth. Across 
tillage practices, MOM rotation resulted in significantly higher MN relative to MFM 
rotation. The tillage × rotation interaction effects on MN were significant in 0-5 (p ≤ 
0.001) and 5-20 cm depth (p ≤ 0.01) in Burnshill. In the 0-5 cm depth, MN trend was 
MOM > MWM > MFM under NT and MOM > MWM > MFM under CT in Burnshill. 
The MN trend in 5-20 cm depth was MWM = MFM > MOM under NT and MOM > 
MWM > MFM under CT. 
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 At Lenye, tillage had significant effect on MN in 0-5 cm (p ≤ 0.01) and 5-20 cm depths 
(p ≤ 0.001) whereas crop rotation had no significant effect on this parameter in 0-5 and 5-
20 cm depths. Across crop rotation treatments, NT resulted in significantly higher MN 
than CT in both sampled soil depths. The tillage × rotation interaction effects on MN 
were significant at 0-5 cm (p ≤ 0.05) and 5-20 cm depths (p ≤ 0.01). In the 0-5 cm depth, 
MN trend was MWM > MFM > MOM under NT and MOM > MWM > MFM under CT. 
The MN trend in the 5-20 cm depth was MFM > MWM > MOM under NT and MOM > 
MWM > MFM under CT. 
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Table 4.3 Effects of tillage (T) and crop rotations (R) on mineralizable nitrogen at 
Burnshill and Lenye 
Site  Depth (cm) 
  0-5  5-20 
           Tillage (T) 
  NT CT Means  NT CT Means 
Burnshill Rotation (R) ------------------------------mg N kg
-1
--------------------------------- 
 MFM 16.0b 7.5a 11.7a  23.5 d 7.3a 15.4 
 MWM 18.5c 9.0a 13.8ab  23.5d 9.5ab 17.0 
 MOM 19.5c 9.5a 14.5b  20.8c 10.8b 15.8 
 Means 18b 8.7a   22.6b 9.2a  
 Grand mean (Depth mean) 13.4    15.9 
 ANOVA                Probability of greater F  
parameters          
 T 0.0094
 
  0.001

 
 R 0.001

  0.251
 NS
 
 T×R 0.001

  0.002

 
 CV (%) 13  8 
Lenye MFM 21.8b 6.7a 14.3  23.4c 7.2a 15.3 
 MWM 22.5b 8.9a 15.7  23.2c 9.3ab 16.3 
 MOM 18.3b 10.3a 14.3  21.2c 10.7b 15.9 
 Means 20.9b 9.0a   22.6b 9.1a  
 Grand mean (Depth mean) 15.0    15.9 
 ANOVA                Probability of greater F  
parameters          
 T 0.003

  0.001

 
 R 0.383
 NS
  0.336
 NS
 
 T×R 0.022

  0.002

 
 CV (%) 16  8 
NT-no till; CT-conventional tillage; MFM-maize-fallow-maize; MWM-maize-wheat-
maize; MOM-maize-oat-maize; T-tillage; R-crop rotation; T×R- tillage and crop rotation 
interaction; a, b, c, d - means in row and column within a depth interval  followed by 
different letters are significantly different at p ≤ 0.05; *, **, *** Significant at p ≤ 0.05, 
0.01 and 0.001, respectively; NS-not significant; CV–coefficient of variation. 
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4.4.1.4 Soil respiration  
 
The mean SR (average of all tillage and crop rotation treatments) in the 0-5 and 5-20 cm 
depths was higher in Burnshill relative to Lenye and higher in 0-5 compared to 5-20 cm 
depth in both sites (Table 4.4).  Tillage had a significant effect on SR in the 0-5 and 5-20 
cm depths at Burnshill (p ≤ 0.001). Across crop rotation treatments, NT resulted in 
significantly higher SR compared to CT in the 0-5 and 5-20 cm depths at Burnshill. Crop 
rotation had significant effect on SR at 0-5 cm (p ≤ 0.01) but nonsignificant in the 5-20 
cm depth at Burnshill. Across tillage treatments in the 0-5 cm depth, MWM rotation 
resulted in significantly higher SR compared to MFM and MOM rotations. The tillage × 
rotation interaction effect on SR was nonsignificant in 0-5 cm but significant in 5-20 cm 
depth (p ≤ 0.01) at Burnshill. The SR trend in 5-20 cm depth was MWM > MFM > 
MOM under NT and MWM = MFM < MOM under CT. 
Tillage had no significant effect on SR in Lenye, but was significantly affected by crop 
rotation at 0-5 cm (p ≤ 0.001) and 5-20 cm depths (p ≤ 0.05). Across crop rotation 
treatments in 0-5 cm depth, MOM rotation resulted in significantly higher SR relative to 
MFM rotations whereas MWM significantly increased SR compared to MFM rotations in 
5-20 cm depth.  The tillage × rotation interaction effects on SR were not significant in 0-5 
and 5-20 cm depths. 
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Table 4.4 Effects of tillage (T) and crop rotations (R) on soil respiration at Burnshill and 
Lenye 
Site  Depth (cm) 
  0-5  5-20 
           Tillage (T) 
  NT CT Means  NT CT Means 
Burnshill Rotation (R) -----------------------------mg CO2 kg
-1
 ------------------------------ 
 MFM 124 95 110a  94b 73a 83 
 MWM 143 121 132b  125c 73a 99 
 MOM 146 95 120a  73a 88ab 80 
 Means 138b 107a   97b 81a  
 Grand mean (Depth mean) 123    89 
 ANOVA                Probability of greater F  
parameters          
 T 0.001

  0.001

 
 R 0.003

  0.251
 NS
 
 T×R 0.961
 NS
  0.002

 
 CV (%) 9  8 
Lenye MFM 56 57 56a  54 54 54a 
 MWM 62 62 62b  61 60 61b 
 MOM 62 66 64b  55 61 59b 
 Means 61 62   57 58  
 Grand mean (Depth mean) 62    58 
 ANOVA                Probability of greater F  
parameters          
 T 0.566
 NS
  0.704
 NS
 
 R 0.001

  0.023

 
 T×R 0.564
 NS
  0.555 
 CV (%) 15  8 
NT-no till; CT-conventional tillage; MFM-maize-fallow-maize; MWM-maize-wheat-
maize; MOM-maize-oat-maize; T-tillage; R-crop rotation; T×R- tillage and crop rotation 
interaction; a, b, c - means in row and column within a depth interval followed by 
different letters are significantly different at p ≤ 0.05; *, **, *** Significant at p ≤ 0.05, 
0.01 and 0.001, respectively; NS-not significant; CV–coefficient of variation. 
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4.4.1.5 Dehydrogenase enzyme activity 
 
Lenye had more than two-fold higher DHEA compared to Burnshill (Table 4.5). Tillage 
had a significant effect on DHEA in Burnshill (p ≤ 0.05) but was not significant in Lenye. 
Across crop rotation treatments, NT significantly increased DHEA relative to CT in 
Burnshill. MWM rotation resulted in significantly lower DHEA compared to MFM and 
MOM rotations across tillage treatments in Burnshill. Crop rotation had a significant 
effect on DHEA in Burnshill (p ≤ 0.001) and Lenye (p ≤ 0.05). MFM rotation resulted in 
significantly higher DHEA compared to MWM and MOM rotations across tillage 
treatments in Lenye. The tillage × rotation interaction effect on DHEA was significant in 
Burnshill (p ≤ 0.05) but insignificant in Lenye. The DHEA trend was MFM > MOM > 
MWM and MOM > MFM > MWM under NT and CT, respectively. There was a strong 
positive correlation between DHEA and MBC (R
2
=0.89; Fig. 4.2a), and DHEA and 
MBN (R
2
=0.87; Fig. 4.2b) 
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Table 4.5 Effects of tillage (T) and crop rotations (R) on soil dehydrogenase enzyme 
activity in 0-5 cm at Burnshill and Lenye 
 
 Site 
 Burnshill  Lenye 
     Tillage (T) 
 NT CT Mean  NT CT Mean 
Rotation (R) -----------------------------------mg kg
-1
--------------------------------- 
MFM 3.6e 2.5bc 3.0b  9.0 8.2 8.6b 
MWM 2.3b 1.6a 2.0a  6.7 7.0 6.9a 
MOM 3.0cd 3.2de 3.1b  7.0 7.9 7.5a 
Mean 3.0b 2.4a   7.6 7.7  
Grand mean (Site mean) 2.7    7.7 
ANOVA                                           Probability of greater F 
parameters 
T 0.023

  0.382
 NS
 
R 0.001

  0.029

 
T×R 0.018

  0.480
 NS
 
CV (%) 14  16 
NT-no till; CT-conventional tillage; MFM-maize-fallow-maize; MWM-maize-wheat-
maize; MOM-maize-oat-maize; T-tillage; R-crop rotation; T×R- tillage and crop rotation 
interaction; a, b, c, d, e - means in row and column in each site followed by different 
letters are significantly different at p ≤ 0.05; *, **, *** Significant at p ≤ 0.05, 0.01 and 
0.001, respectively; NS-not significant; CV–coefficient of variation 
 
(a)                                                                 (b) 
  
Fig. 4.2 Relationship between MBC and DHEA (a) and MBN and DHEA (b) in Burnshill 
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4.5        DISCUSSION 
 
4.5.1 Effects of tillage and crop rotation on soil microbial properties 
4.5.1.1  Microbial biomass carbon  
 
High MBC in MOM relative to MFM rotation in the 0-5 cm depth in Burnshill was 
possibly as a result of higher organic residue inputs under double cropping with maize 
and oats compared to MFM rotation (Tables 2.3 and 4.1). Similar findings were reported 
by Roldan et al. (2003) where MBC increased with quantities of crop residue retained in 
the field after harvesting the crop. Higher MBC under NT compared to CT for MFM and 
MOM rotations in the 5-20 cm depth was consistent with earlier findings by Alverez et 
al. (1995) and Wright et al. (2005) and was attributed to high SOM under untilled 
relative to tilled soils. Depletion of SOM reserves under CT has been attributed to 
exposure of previously protected SOM in soil aggregates to microbial mineralization 
where CO2 and associated nutrients are released to the soil environment (Mills & Fey, 
2003; Mahdi et al., 2005).  
 
The C: N ratios of maize, wheat and oat residues were 34, 46 and 45, respectively and the 
narrow C: N ratio under MFM could have resulted in higher organic residue conversion 
to microbial biomass compared to MWM and MOM rotations under CT in the 0-5 cm 
depths at Burnshill (Table 4.1).  Lower conversion of residue C into biomass under 
MWM relative to MOM rotation could also be due to lower decomposition rate constant 
for C mineralization for wheat (0.058) compared to oat (0.188) residue as reported in an 
earlier study by Kumar & Gor (2003). Coincidentally, the MWM rotation under NT in 
Burnshill recorded the highest respiration rate suggesting that soil disturbance prior to 
94 
 
incubation could have improved organic residue and soil contact with the resultant 
increase in biomass activity (Table 4.4). High soil CO2-emission without accompanying 
increase in biomass was previously reported by Franchini et al. (2007) with 
wheat/oat/lupin rotation under CT in Brazil.  
Higher MBC under CT relative to NT in MFM and MOM rotations at both soil depths in 
Lenye contradicts earlier findings by Roldan et al. (2003) and Franchini et al. (2007) 
where high biomass C coincided with higher SOM under NT. Higher decomposition of 
below ground plant biomass under MFM and MOM following tillage enhanced 
conversion of residue C to biomass C (Tables 2.3 and 4.1). However, this relationship 
was not maintained under MWM rotation possibly because the lower decomposition rate 
of wheat relative to oat residues minimised (Kumar & Goh, 2003) its conversion to 
biomass at both sampled depths in Lenye. Prolonged nutrient immobilization periods for 
wheat relative to oat residue were also observed in an earlier study by Smith & Sharpley 
(1990) where net N mineralization from soil amended with different organic residues 
followed the order alfalfa > peanut > soybean > oat > sorghum > wheat > corn.  High 
competition for nutrients between decomposers and growing crop under MWM and 
MOM rotations possibly reduced conversion of organic residue C into biomass resulting 
in lower MBC relative to non cropped MFM rotation.  
 
4.5.1.2 Microbial biomass nitrogen 
 
 The relatively higher MBN observed under NT relative to CT (Table 4.2) could be 
attributed to high organic C under untilled compared to tilled soils as suggested by Garcia 
et al. (2000). Long winter off-season period and reduced plant biomass input under MFM 
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rotation could have resulted in less decomposable organic substrates relative to MWM 
and MOM rotation in the 0-5 cm depth under CT. Higher N immobilization with high 
biomass inputs under wheat and oat double cropping relative to MFM rotation resulted in 
higher N retention in biomass compared to maize monoculture. Earlier studies on N 
release from crop residues showed that N immobilization in wheat residues persisted for 
over 110 d incubation period which was attributed to high C/N ratio (Kumar & Goh, 
2003). Reduced organic residue decomposition under NT for MWM and MOM rotations 
resulted in prolonged retention of N in organic residues minimising its transfer into the 
biomass hence the similar MBN observed under both tillage systems in this study. 
However, the possibility of higher loss of mineralized N with tillage under MFM rotation 
during the offseason resulted in lower organic residue N recycling through the biomass 
compared to NT maize monoculture.  
 
4.5.1.3  Nitrogen mineralization 
 
High plant biomass inputs under MWM and MOM rotations and NT resulted in a larger 
mineralizable organic N pool relative to MFM in the 0-5 cm depth at Burnshill. Higher N 
release from NT than CT as observed in this study could be linked to mineralization of 
immobilized N following improvement in soil moisture and temperature (Doran, 1987). It 
is possible that high depletion of organic mineralizable N pool prior to sampling resulted 
in lack of differences in MN between crop rotations in the 0-5 cm depth under CT. High 
in-field decomposition of organic residues under CT relative to NT was reported by 
Mahdi & Xinhual (2005) where CO2 emission over 20 day period after disturbance was 
higher under tilled compared to untilled conditions. According to Anger et al. (1993), 
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tillage enhances decomposition of organic matter and release of nutrients through 
improvement of both aeration and crop residue contact. Under CT in the 0-5 cm depth in 
Burnshill, long period immobilization of N for wheat residues and earlier N release for 
oat residues may have contributed to reduced organic N mineralizable pool resulting in 
similar labile N pool to MFM rotation.  
Substantial reduction in soil organic mineralizable N pool due to rapid oat residue 
decomposition under MOM rotation under NT prior to sampling could have resulted in 
lower MN relative to MFM and MWM rotations in the 5-20 cm depth. Previous studies 
on soil N release indicated net N mineralization from surface and incorporated residues to 
proceed in order of  oat > wheat > corn  (Smith & Sharpley, 1990) which suggests that 
mineralisation of immobilized N may have contributed to higher NM under MFM and 
MWM rotations relative to MOM rotation. Higher organic N mineralizable pool 
associated with higher below ground plant biomass input under MOM rotation relative to 
MFM could have resulted in higher MN under the former compared to the latter rotation 
(Tables 2.3 and 4.3). However, longer N immobilization under MWM rotation favoured 
reduced N release through microbial biomass resulting in no significant differences in 
MN between the rotations despite high inputs of organic residues to soil under the MWM 
rotation compared to MOM rotation.  
 
Remineralization of longer immobilized N pool under MFM and MWM compared to 
MOM rotation in the 0-5 cm depth under NT in Lenye resulted in higher MN in MFM 
and MWM relative to MOM rotations. Past studies by Kumar and Goh (2003) reported 
lower N mineralization and higher N immobilized with wheat residue amended soil 
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compared to oat in a 110 day incubation studies suggesting a possibility of more depleted 
organic N mineralizable pool under MOM relative to MWM rotation. However, the 
amount of residue incorporated into the soil in MWM and MOM rotations under CT 
enhanced organic N mineralizable pool relative to MFM rotation resulting in higher N 
release with double cropping compared to maize monoculture (Table 2.3).  
Reduced organic N mineralizable pool under MOM presumably due to higher N release 
from oat residue prior to soil sampling could have resulted in higher MN in MFM and 
MWM relative to MOM rotations in the 5-20 cm depth under NT. High organic residue 
incorporated into the soil in MOM relative to MFM rotations under CT enhanced organic 
N mineralizable pool under MOM rotation resulting in high N release compared to MFM 
rotations (Tables 2.3 and 4.3). However, relatively lower MN under MWM compared to 
MOM rotation was possibly due to longer N immobilization time under MWM rotation 
relative to MOM despite high organic residues for double cropping with wheat compared 
to oats. Lower mineralization of  wheat relative to oat residues was repoted in an earlier 
study where mean decomposition  rate constant for C mineralization were three-fold 
lower for wheat compared to oat residue in a long-term incubation study in New Zealand 
(Kumar & Goh,  2003). 
 
4.5.1.4  Soil respiration 
 
High SR under NT and MWM rotation relative to CT, MFM and MOM rotations in the 
0-5 cm depth at Burnshill (Table 4.4) could be attributed to high amounts of wheat 
residues returned into soil (Table 2.3). Similarly, high SR under MWM and MOM 
relative to MFM rotations in the 0-5 and 5-20 cm depth in Lenye could be linked to high 
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plant biomass inputs with wheat and oat rotations compared to maize monoculture. High 
CO2 emission with increased organic residue inputs was reported by Franchini et al. 
(2007) following five years of cereal/legume rotations in Brazil. However, substantial 
reduction in decomposable residue under MOM rotation possibly due to higher 
decomposition rates achieved in the field prior to soil sampling resulted in lower SR 
under this rotation which was comparable to MFM rotation despite higher plant biomass 
returned into soil in the former rotation.  
 
High SR under NT relative to CT under MFM and MWM rotations in the 5-20 cm depth 
in Burnshill could be attributed to high biological activity associated with high crop 
residue quantities under non-tilled compared to tilled soils (Table 2.3). Higher rate of 
mineralization of C under NT relative to CT has been attributed to high quantities of 
easily decomposable organic materials under non-tilled compared to tilled soils (Alvarez 
et al., 1995). More or less similar MBC, MBN and MN in the 0-20 cm depth for 
Burnshill and Lenye implies that microbial activities  were more influenced by plant 
biomass inputs than the inherent SOC levels (Tables 2.3 and 2.5). The strong positive 
correlation between microbial biomass C and N  (Figs. 4.1a and b) points to the the 
important role of soil biomass in N availability and cycling in agroecosystems as earlier 
reported by McGill et al.(1986) and Van Veens et al. (1987). High SR was associated 
with increase in MBC and MBN in the two sites and these parameters were closely linked 
to SOC as has been reported in earlier studies by Alverez et al. (1995), Dominy & 
Haynes (2002) and Franchini et al. (2007).    
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4.5.1.5  Dehydrogenase enzyme activity 
 
Soil enzymes are good indicators of soil fertility since they are involved in the cycling of 
important soil nutrients. The dehydrogenase enzyme system fulfils a significant role in 
oxidation of organic matter as they transfer hydrogen from substrates to acceptors (Garcia 
et al., 1997). High DHEA under NT relative to CT in MFM and MWM rotations could be 
attributed to high microbial activity associated with high organic C inputs (Tables 2.3 and 
4.5). In an earlier study, Roldan et al. (2003) reported high dehydrogenase activity under 
NT compared to CT for treatments where 5 and 7 tons of crop residue ha
-1
 were retained 
on non-tilled soils. However, lack of significant difference in DHEA between the two 
tillage systems under MOM rotation could be due to absence of substantial differences in 
decomposable organic matter between these systems. Shorter period (2yrs) implied 
minimal decomposition of high quantities of crop residues on the surface of no till soils.  
Under CT, higher amounts of organic residues were incorporated into the soil but this 
may not have degraded enough to create a sharp gradient in decomposable organic matter 
between the two tillage practices. Higher DHEA under MOM rotation relative to MWM 
under both tillage practices in Burnshill reflected the fact that oat residue decomposes 
faster relative to wheat. Longer period without actively growing crop under MFM 
rotation could have enhanced the decomposable organic matter pool relative to MWM 
and MOM rotation resulting in higher DHEA for MFM rotation compared to double 
cropping with oat and wheat in the 5-20 cm depth at Lenye. The strong correlation 
between DHEA and MBC, and DHEA and MBN (Figs. 4.2a and b) was reported also by 
Ajwa et al. (1999) reflecting the close linkage of this soil attributes in maintaining 
ecosystem stability. 
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4.6 CONCLUSIONS 
 
High soil MBC, MBN, MN and SR under no till, MWM and MOM rotations were attributed to 
high gains in SOC relative to conventional tillage and MFM rotation.  These effects were more 
pronounced on the surface layer compared to deeper soil layer and were more evident in 
Burnshill than Lenye site.  The observed higher DHEA activity under NT compared to CT 
treatments in Burnshill demonstrated the potential of minimal soil disturbance towards 
conservation of SOC. Both soil MBC and N form the labile SOC component and had high 
positive correlation and regression coefficient with soil DHEA and MN suggesting that gains in 
SOC would result in enhanced biotic activity for rapid recycling of plant nutrients. Irrespective 
of tillage and in most of the instances, high crop residue inputs associated with MWM and MOM 
increased MN and SR compared to MFM rotation especially in the 0-5 cm depth. The observed 
improvements in some biological parameters under NT and also with increasing crop residue 
inputs under MWM and MOM relative to MFM rotation indicated their potential of these 
practices to improve soil quality. Neverthless, the soil biological quality improvements observed 
under the selected CA practices in this short-term study deserve confirmation through longer 
term studies.  
 
 
 
 
 
 
 
 
 
101 
 
CHAPTER 5 
 
MAIZE PERFORMANCE AND SELECTED SOIL NUTRIENT LEVELS AS  
AFFECTED BY TILLAGE AND CROP ROTATION PRACTICES UNDER 
SUPPLEMENTARY IRRIGATION 
 
5.1 ABSTRACT 
 
Soil degradation in arable lands and accompanying decline in crop productivity in South 
Africa are largely attributed to monoculture, absence and/or short fallow periods. This 
study evaluated the effects of tillage, and crop rotations and cropping seasons on maize 
grain yield, soil nutrient concentration and uptake by maize under irrigated production on 
two sandy clay loam soils in Zanyokwe irrigation scheme. A split plot arrangement of 
treatments in a randomized complete block design (RCBD) with tillage as main plot and 
crop rotation as subplots. Tillage treatments were no till (NT) and conventional tillage 
(CT) whereas crop rotations were maize-fallow-maize (MFM), maize-wheat-maize 
(MWM) and maize-oat-maize (MOM). Tillage and crop rotations had no effect on maize 
grain yield and N, P and K uptake in Burnshill and Lenye. However, maize N, P and K 
uptake across tillage practices varied with type of cover crop rotation and cropping year. 
Maize grain yield was higher in 2008 compared to 2007 in Burnshill and Lenye possibly 
due to favourable soil moisture conditions arising from well distributed rainfall in the 
former compared to the latter growing season. Maize N and K uptake were higher in 
2007 relative to 2008 in Burnshill and similar trend was observed for maize N and P 
uptake in Lenye.  No till increased soil N and P concentration compared to CT in the 0-5 
cm depth at Burnshill and Lenye.  
Key words; Tillage; Maize yield; Nutrient uptake  
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5.2         INTRODUCTION 
 
It is estimated that only 3 % of total arable land in South Africa can be classified as of 
high agricultural potential (Van der Merwe & De Villiers, 1998). Soils with low organic 
matter comprise 60 % of total land area and are vulnerable to land degradation and low 
productivity. Monoculture cereal production, intensive tillage, short fallow periods and 
absence of crop rotation systems have caused further depletion of SOM in the 
commercial sector (Barnard and Newby, 1999). With limited potential to expand land 
under crop production, sustainable increase in agricultural productivity which is 
necessary to secure food availability in the country depends on better utilization of land 
already under production (Scotney & Van der Merwe, 1992). No till is a key component 
of CA practice which aims at achieving sustainable production levels while while at the 
same time conserving the environment (Dumanski et al., 2006; FAO, 2006). 
 
The history of CA in South Africa dates back to pre-1950s when reduced tillage for 
reduced soil erosion was a major preoccupation of researchers (Fowler, 1999).  In the 
1970s, farmers in Eastern Orange Free State increasingly adopted stubble farming for 
improved soil water regimes, reduction of production costs and increased potential for 
high crop yields (Mallet, 1987). The importance of maintaining crop residues on soil 
surface was further demonstrated by Graham et al. (2002) who showed that soil 
mineralizable N increased with trash retention in a long-term sugar cane management 
trial in KwaZulu Natal. Enhancing crop diversity through crop rotations and green 
manure cover crops are essential elements of sustainable agriculture (Derpsch, 1999).  
Sugar cane yield depression in KwaZulu Natal arising from monocropping in the 1970s 
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was found to be minimised by planting green manure crops between sugar cane crops 
(Rhodes 2006). Recent work by Berry & Rhodes (2007) showed that oats, sunn hemp, 
velvet beans, and groundnut green manure crops improved soil P, K, Ca and Mg status 
compared to cane monoculture. The study showed that utilization of non legume cover 
crops could enhance crop yields through improved soil nutrient status. The ability of NT 
with wheat and oat cover crops to enhance soil structural stability and biotic activity 
under irrigated maize production were earlier discussed in chapters 4 and 5.   
The yield advantages of cereal-legume rotations are mainly attributed to N fixing ability 
of the legume and have been demonstrated in the Free State Province of South Africa by 
Nel et al. (2003). These workers also observed a 2 t/ha increase in grain yields in a 
maize-pea rotation compared with unfertilized continuous maize. Nel et al. (2003) 
reported yield increases of 13 and 29 % for a 2-year soybeans-maize and a 3-year maize-
dry bean-wheat rotations in Bethlehem, Free State. Non legume crops are also used in a 
rotation to take up surplus N remaining from fertilization of the previous crop, preventing 
it from being lost through leaching, or gaseous denitrification or volatilization (Thorup-
Kristensen et al., 2002). 
Tillage influences crop growth by changing both spatial distribution of nutrients and soil 
physical environment (Fando & Almendros, 1995; Garcia et al., 2007). No tillage affects 
the vertical distribution of plant nutrient within the top soil. Stratification of soil organic 
matter and less mobile nutrients such as phosphorus and potassium on upper soil layers is 
widely acknowledged under NT crop production (Unger, 1991; Garcia et al., 2007). 
Garcia et al. (2000) found that organic C, extractable P and total N in plowed soils were 
more uniformly distributed within the plough layer under maize production in Mexico. 
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Disturbance caused by plowing could promote loss of soil nutrient stocks through wind 
and water erosion as well as accelerated SOM mineralization (Logan et al., 1991; Sparks, 
1997). The accompanying decrease in cation exchange capacity with loss of SOM may 
encourage loss of cations such as K, Ca and Mg through leaching. The variability in 
nutrient stocks and morphological variations in plant root system as caused by tillage 
practice could affect crop nutrient uptake (Rumero et al., 2009).  
So far, there is limited information on maize response to tillage and crop rotation under 
irrigation in the Eastern Cape Province of South Africa. The objectives of this study were 
to assess the short-term effects of tillage and crop rotation on maize nutrient uptake and 
grain yield, and assess the impact of above ground plant biomass removal on soil nutrient 
reserves under NT and CT cereal/fallow based crop rotations. 
 
5.3  MATERIALS AND METHODS 
 
5.3.1         Seasonal rainfall and supplementary irrigation 
Seasonal rainfall was measured using four rain gauges placed 120 metres apart in an open 
field around the experimental units in Burnshill and Lenye during the 2007 cropping 
season. A distance of 40 metres was left between the edges of the experimental units and 
the location of the rain gauges to avoid capturing drifted irrigation water. The amount of 
precipitation in each site was recorded on weekly basis after planting. The amount of 
water in each rain gauge was recorded after completion of each irrigation session at both 
sites. The irrigation water supplied to the maize crop on weekly basis was computed by 
averaging the volume of water collected in the 9 field rain gauges every 7 days after 
planting. 
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5.3.2  Agronomic management 
 
Grass weeds under no till were controlled with 0.54 kg ha
-1
 glyphosate (N-
(phosphonomethyl glycine) as suggested by Fando & Almendros (1995). Conventional 
tillage involved mouldboard ploughing to a depth of 20 cm followed by a single 10 cm 
deep disking before crop establishment. Maize (cv. CRN 3505) was sown at 55,555 
plants ha
-1
 (90 cm x 20 cm) at 5 cm sowing depth. Its selection was based on superior 
performance in maize multi-locational testing trials conducted by the Agriculture 
Research Council (ARC) of South Africa prior to 2005 (Du Plessis & Bruwer, 2004). 
Nitrogen and P were applied to maize at rates of 200 and 130 kg ha
-1
, respectively for an 
expected grain yield of 9-10 tons ha
-1
 (Fertilizer Handbook, 1989). At sowing, 70 and 130 
kg ha
-1
 of N and P in form of NPK (2:4:2) were applied, respectively. Topdressing was 
done in two-splits with LAN (lime ammonium nitrate) (28 % N) at rate of 65 kg N ha
-1
 at 
4 and 8 weeks after emergence. Post emergence weed management in maize was done by 
hand hoeing under CT and with Atrazine (485 atrazine and 15 g l
-1 
triazines) under NT at 
a rate of 5 litres per hectare. Oat and wheat cover crops were established in June/July 
after harvesting maize. Wheat (var. PAN 3377) and Oats (var. Letucana) were drilled in 
rows spaced at 30 cm apart at sowing depth of 5 cm to attain a plant population of 
approximately 300, 000 plants ha
-1
.  
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5.3.3  Plant sampling for yield and nutrient analyses 
5.3.3.1 Grain yield  
 
At physiological maturity, six 6-m-long centre rows were sampled from each plot for 
plant population, stover weight, cob yield weight and grain moisture determination. A 
sub-sample of 10 cobs was selected for shelling percentage determination. The grain 
weight was adjusted to the safe grain storage moisture of 12.5 %.  
 
5.3.3.2 Plant nutrient uptake 
Four plants were randomly selected within the net plot and cut at ground level for nutrient 
analysis in the above ground plant biomass. Grain and stover samples were dried to a 
constant weight and ground to pass a 1 mm sieve. Plant samples were analyzed for total 
P, K and Mg after digesting with H2SO4 and H2O2 (Okalebo et al., 2002). Total plant N 
was determined using LECO Truspec C/N auto-analyzer (LECO Corporation 2003), 
while P was determined using ammonium molybdate colorimetric method. Potassium 
was analyzed by flame ionization photometry (wavelength 766.5 nm). Total plant 
nutrients uptake was calculated on a per hectare basis using nutrient concentration in 
stover (oven dry) and safe storage grain moisture content.  Nutrient uptake was computed 
in kg ha
-1
 by multiplying concentration of nutrients in g kg 
-1 
with grain and stover in kg 
ha
-1
. Total uptake of nutrients was calculated by summing up the uptake of each nutrient 
in maize grain and stover.  
 
5.3.3.3  Nitrogen and phosphorus removed in above ground crop residues 
Nitrogen and phosphorus removed from the soil by the above ground maize, wheat and 
oats residues was estimated in 2006 and 2007 at Burnshill and Lenye. Plant samples were 
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analysed for P after digesting ground stover samples with H2SO4 and H2O2 as described 
by Okalebo et al. (2002) while plant N was determined using LECO Truspec C/N auto-
analyzer (LECO Corporation, 2003). Phosphorus removed from the soil in crop residues 
was computed in Kg ha
-1
 by multiplying the nutrient concentration in g kg
-1
 with crop 
residues in kg ha
-1
.  Similarly, nitrogen was computed based on % N in a known sample 
weight multiplied by total weight of crop residues produced per hectare. 
 
5.3.4 Soil nutrient analyses 
5.3.4.1 Soil nitrate and ammonium nitrogen 
 
Mineral N (NH4
+
 and NO3) was determined by extracting air dry soil (0.25 mm) with 0.5 
M K2SO4 (1:4, soil: solution). Nitrate N concentration was determined on a UV 
spectrophotometer after colour development using salicylic acid (5 %) and sodium 
hydroxide. Ammonium–N concentration was determined on a UV spectrophotometer 
after colour development using N1 and N2 reagents (Okalebo et al., 2002).  
 
5.3.4.2  Soil extractable P and K 
 
Plant available P and K were extracted using AMBIC-1 method (Van der Merwe et al., 
1984). The P concentration in the extracts was determined on a Unicam UV 
spectrophotometer after colour development using ascorbic acid as outlined by Okalebo 
et al. (2002). Potassium concentration was determined on a flame emission 
spectrophotometer.  
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5.4  Data analysis 
Statistical analysis was done following analysis of variance techniques as outlined by 
Gomez & Gomez (1984) using the Genstat Release 4.24DE statistical software (Lawes 
Agricultural Trust, 2008). Significance was determined for all analysis at the 0.05 
probability level. Comparisons among treatment means were made in accordance with 
Duncan’s multiple range test (Duncan, 1955) using the Mstat C software. 
 
 5.5 RESULTS     
 
5.5.1         Seasonal rainfall and supplementary irrigation water supplied to maize  
                    crop at Burnshill and Lenye in 2007     
 
  
The rainfall distribution during the maize growing season from January to April 2008 is 
shown in Fig. 5.1. Supplementary irrigation water applied to maize from emergence to the 
grain filling growth stage in 2007 is shown in Fig. 5.2. The maize crop received 651 and 
706 mm of water through rainfall and supplementaty irrigation in 2007 in Burnshill and 
Lenye, respectively (Figs. 5.1 and 5.2). No supplemental irrigation was done in 2008 and 
rainfall received was 463 and 456 mm in Burnshill and Lenye, respectively. 
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Fig 5.1. Rainfall distribution during the maize growing season from January to April in 
2007 and 2008 in Burnshill (BH) and Lenye (LE) 
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Fig. 5.2. Supplementary irrigation during maize growing season from January to March 
2007 in Burnshill (BH) and Lenye (LE) 
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 5.5.2 Grain yield 
 
Tillage × rotation, tillage × year and rotation × year interaction effects were not 
significant on grain yield for both sites. Tillage × rotation × year interaction effect was 
not significant on grain yield at both Burnshill and Lenye. Tillage and crop rotation had 
no significant effect on grain yield at Burnshill and Lenye (Table 5.1). However, year had 
a significant effect on grain yield at Burnshill (p ≤ 0.001) and Lenye (p ≤ 0. 01). Grain 
yield in 2008 was significantly higher than for 2007 at both sites. Lenye had relatively 
higher grain yield than Burnshill.  
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Table 5.1 Effects of tillage (T), crop rotations (R) and year (Y) on maize grain yield (tons 
ha
-1
) at Burnshill and Lenye 
 
 Site 
 Burnshill  Lenye 
 Tillage (T) 
 NT CT Means  NT CT Means 
Rotation (R)        
MFM 3.4 3.5 3.4  5.2 5.4 5.3 
MWM 3.3 3.4 3.4  5.3 5.4 5.4 
MOM 3.3 3.8 3.5  5.5 5.2 5.3 
Means 3.3 3.6 -  5.3 5.3 - 
 Year (Y) 
 2007 2008 Means  2007 2008 Means 
MFM 2.6 4.3 3.4  4.9 5.6 4.3 
MWM 2.8 3.9 3.4  4.9 5.9 5.4 
MOM 3.0 4.1 3.5  5.1 5.5 5.3 
Means 2.8a 4.1b -  5.0a 5.7b  
        
Tillage (T) 2007 2008 Means  2007 2008 Means 
NT 2.6 4.1 3.4  5.1 5.5 5.3 
CT 3.0 4.1 3.6  4.8 5.8 5.3 
Means 2.8 4.1 -  5.0 5.7 - 
Grand mean  (Site) 3.5    5.3 
ANOVA                                                 
parameters    
Probability of greater F 
 
T 0.498
 NS
  0.997
 NS
 
R 0.692
 NS
  0.832
 NS
 
Y 0.001

  0.005

 
TR 0.564
 NS
  0.467
 NS
 
TY 0.383
 NS
  0.148
 NS
 
RY 0.406
 NS
  0.583
 NS
 
TRY 0.327
 NS
  0.632
 NS
 
CV (%) 18  15 
NT-no till; CT-convetional tillage; MFM-maize-fallow-maize; MWM-maize-wheat-
maize; MO-maize-oat-maize;
 **
,
 
 significant at p ≤ 0.01 and 0.001; a, b - means in a 
row or column within a site, followed by different letters are significantly different at p ≤ 
0.05; NS-not significant at p ≤ 0.05; CV-coefficient of variation
112 
 
5.5.3 Plant nutrient uptake 
 
5.5.3.1 Nitrogen 
 
Tillage and crop rotation had no significant effects on maize N uptake at Burnshill (Table 5.2). 
However, year had significant effect on maize nutrient uptake (p ≤ 0.001). Maize N uptake in 
2007 was significantly higher compared to 2008. The tillage × rotation, tillage × year and 
rotation × year interaction effects were not significant on maize N uptake. The tillage × rotation 
× year interaction effect on maize N uptake was not significant in Burnshill. 
 
Tillage had no significant effect on maize N uptake at Lenye. There was a significant crop 
rotation (p ≤ 0.05) and year (p ≤ 0.001) effect on maize N uptake (Table 5.3). The tillage × 
rotation interaction effect was significant for maize N uptake (p ≤ 0.05). Maize N uptake 
decreased from MOM to MFM rotation under NT while the trend under CT was MFM > MOM 
> MWM. Tillage × year interaction effect was significant on nutrient N uptake (p ≤ 0.01). 
Conventional tillage resulted in significantly higher maize N uptake relative to NT in 2007 while 
the converse was the case in 2008. The tillage × rotation, rotation × year, and tillage × rotation × 
year interactions on N uptake were not significant. 
 
5.5.3.2 Phosphorus 
 
Tillage and crop rotation had no significant effects on maize P uptake in Burnshill (Table 5.2). 
However, year had a significant effect on maize P uptake (p ≤ 0.001). Maize P uptake in 2007 
was significantly lower compared to 2008. The tillage × rotation, tillage × year, rotation × year, 
and tillage × rotation × year interaction effects on maize P uptake were not significant. 
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Tillage and year had significant effect on maize P uptake (p ≤ 0.05) and (p < 0.001), respectively 
while crop rotation had no significant effect in Lenye (Table 5.3). The tillage × rotation 
interaction was not significant while tillage × year interaction effect on maize P uptake was 
significant (p ≤ 0.001). The trend in maize P uptake in 2007 was MFM ═ MOM > MWM and 
MFM = MWM ═ MOM in 2008. The rotation × year interaction effect on maize P uptake was 
significant (p ≤ 0.001) while the tillage × rotation × interaction effect on P uptake was 
insignificant. Conventional tillage resulted in higher maize P uptake relative to NT in 2007 while 
the converse was the case in 2008. 
 
5.5.3.3 Potassium 
 
Tillage, crop rotation, tillage × rotation, rotation × year, and tillage × rotation × year effects on 
maize K uptake were not significant at Burnshill (Table 5.2). However, there were significant 
year and tillage × year effects on K uptake (p ≤ 0.001).  Conventional tillage resulted in lower 
nutrient uptake relative to NT in 2007 while the converse was true in 2008. 
Tillage had no significant effect on maize K uptake in Lenye (Table 5.3). Tillage × year and 
rotation × year interactions on K uptake were not significant. The effects of crop rotation, year 
and tillage × rotation were significant on maize K uptake (p ≤ 0.001). The tillage × rotation × 
year interaction effect on K uptake was significant (p ≤ 0.001) (Tables 5.3 and 5.4). Under MFM 
rotation, plant K uptake under both NT and CT increased from 2007 to 2008 but this trend was 
not observed under MWM and MOM rotations.     
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Table 5.2 Effects of tillage (T), crop rotations (R) and year (Y) on maize nutrient uptake (kg ha
-1
) 
in Burnshill 
 
 Nutrient 
 N P K 
 Tillage (T) 
Rotation (R) NT CT Means NT CT Means NT CT Means 
MFM 83 80 82 12 11 12 47 47 47 
MWM 83 82 83 12 12 12 45 45 45 
MOM 84 87 85 10 11 11 48 43 45 
Means 83 83 - 11 11 - 47 45 - 
 Year (Y) 
 2007 2008 Means 2007 2008 Means 2007 2008 Means 
MFM 92 71 82 10 13 12 53 41 47 
MWM 88 77 83 10 13 12 54 37 46 
MOM 97 74 86 10 12 11 55 35 45 
Means 92b 74a  10a 13b - 54b 38a - 
Tillage (T)          
NT 94 73 84 10 13 12 58d 35a 47 
CT 91 76 84 10 12 11 50c 40ab 45 
Means 93 74 - 10 13 12 54 38 - 
ANOVA parameters                                  Probability of greater F 
T 0.944
 NS
 0.642
 NS
 0.480
 NS
 
R 0.731
 NS
 0.413
 NS
 0.781
 NS
 
Y 0.001

 0.001

 0.001

 
TR 0.760
 NS
 0.433
 NS
 0.681
 NS
 
TY 0.349
 NS
 0.148
 NS
 0.001

 
RY 0.189
 NS
 0.723
 NS
 0.280
 NS
 
TRY 0.069
 NS
 0.240
 NS
 0.154
 NS
 
CV (%) 11 16 16 
NT-no till; CT-conventional tillage; MFM-maize-fallow-maize; MWM-maize-wheat-maize; 
MOM- maize-oat-maize; 

,
   
 significant at p ≤ 0.05, 0.01 and 0.001, significantly; NS-not 
significant at p ≤ 0.05; a, b, c, d - means in a row or column followed by different letters are 
significantly different at p ≤ 0.05; CV-coefficient of variation 
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Table 5.3 Effects of tillage (T), crop rotations (R) and year (Y) on maize nutrient uptake (kg ha
-1
) 
in  2008 in Lenye 
 
 Nutrient 
 N P K 
 Tillage (T) 
Rotation 
(R) 
NT CT Means NT CT Means NT CT Means 
MFM 145a 156b 151 15 17 16 73 98 85c 
MWM 146ab 135a 141 14 16 15 71 70 71b 
MOM 151b 144a 147 15 15 15 83 59 71b 
Means 147 145 - 15a 16b - 75 76 - 
 Year (Y) 
 2007 2008 Means 2007 2008 Means 2007 2008 Means 
MFM 169 133 151b 19d 14ab 16 76 94 85b 
MWM 150 132 141a 16bc 14ab 15 67 74 71a 
MOM 150 135 143a 18cd 13a 15 64 78 71a 
Means 156b 133a - 18b 13a  69a 82b  
Tillage (T) NT CT Means NT CT Means NT CT Means 
NT 152b 143b 148 16b 14a 15a 69 82 75 
CT 167c 127a 147 19c 14a 17b 69 82 75 
Means 160b 135a - 18 14 - 69a 82b - 
ANOVA parameters                                  Probability of greater F 
T    0.699
 NS
 0.021

 0.913
 NS
 
R 0.049

    0.301
 NS
 0.001

 
Y     0.001

     0.001

 0.001

 
TR 0.032

    0.274
 NS
 0.001

 
TY 0.005

    0.001

 0.906
 NS
 
RY    0.398 
NS s
   0.006

 0.318
 NS
 
TRY 0.071 
NS
    0.321
 NS
 0.001

 
CV (%) 12 9 14 
NT-no till; CT-conventional tillage; MFM-maize-fallow-maize; MWM-maize-wheat-maize; 
MOM-maize-oat-maize; 

,
   
,
 
 significant at p ≤ 0.05, 0.01 and 0.001, significantly; NS-not 
significant at p ≤  0.05; a, b, c, d - means in a row or column followed by different letters are 
significantly different at p ≤ 0.05; CV- coefficient of variation 
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Table 5.4 Interaction effects of tillage (T), crop rotations (R) and year (Y) on maize K uptake (kg 
ha
-1
) in 2008 at Lenye  
 
  Rotations  
 MFM   MWM   MOM  
            Tillage 2007 2008 Means  2007 2008 Means  2007 2008 Means 
NT 68ab 77c 74  73bc 70ab 74  65ab 100de 83 
CT 84c 111e 98  62ab 79c 72  62ab 50a 56 
Means 76 99   68 75   64 75  
CV (%) 14 
NT-no till; CT-conventional tillage; MFM-maize-fallow-maize; MWM-maize-wheat-maize; 
MOM-maize-oat-maize; a, b, c, d, e - means in a row or column followed by different letters are 
significantly different at p ≤ 0.05. 
 
 
5.5.4 Nitrogen and phosphorus removal in above ground crop residues from 2006 to 
2007 
5.5.4.1 Nitrogen 
 
Tillage had no significant effect on N removed in above ground biomass of rotational cereal 
crops in Burnshill and Lenye (Table 5.5). Crop rotations had significant effect on N removed by 
rotational cereal crops biomass in Burnshill and Lenye (p ≤ 0.001). The MFM rotation 
significantly reduced N removed in above ground cereal biomass relative to MWM and MOM 
rotations.  Tillage × rotation interaction was significant on nutrient removed in above ground 
cereal biomass in Burnshill (p ≤ 0.001) but not significant in Lenye. Nitrogen removed in above 
ground cereal biomass increased in order of MWM > MOM > MFM under both NT and CT in 
Burnshill.  
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Table 5.5 Effects of tillage (T) and crop rotation (R) on N (kg ha
-1
) removed in above ground 
cereal crop residues during 2006 and 2007 cropping seasons in Burnshill and Lenye. 
 
  Site 
 Burnshill  Lenye 
 Tillage (T) 
Rotations (R) NT CT
±
  NT CT
±
 
MFM 125a 125a  82a 94 a   
MWM 196bc 243c  218b 199b 
MOM 184b 226bc  187b 212b 
Mean 169 198    162 168   
ANOVA parameters           Probability of greater F 
T 0.221
NS
  0.600
 NS
 
R 0.001
***
  0.001
***
 
T x R 0.012
*
  0.116
 NS
 
CV (%) 8  11 
MFM-maize-fallow-maize; MWM-maize-wheat-maize; MOM- maize-oat-wheat; NT-no till; 
CT-conventional tillage; a, b, c - means in a row or column followed by different  letters are 
significantly different at p ≤ 0.05; *, *** significant at 0.05 and  0.001, respectively; NS-not 
significant at p ≤ 0.05; CV- coefficient of variation. CT± - nutrient transported out in biomass 
harvest  
 
 
5.5.4.2 Phosphorus 
 
Tillage had no significant effect on P removed in above ground biomass by rotational cereal 
crops in Burnshill and Lenye (Table 5.6). Crop rotations had significant effect on P removed in 
above ground biomass by rotational cereal crops in Burnshill and Lenye (P ≤ 0.001). The MFM 
rotation significantly reduced P removal in above ground cereal biomass relative to MWM and 
MOM rotations.  Tillage × rotation interaction effect on P removed in above ground biomass by 
rotational cereal crops was not significant in Burnshill and Lenye. 
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Table 5.6 Effects of tillage (T) and crop rotations (R) on P (kg ha
-1
) removed in above ground  
cereal crop residues  during 2006 and  2007 cropping seasons in Burnshill and Lenye 
 
 Site 
 Burnshill  Lenye 
 Tillage (T) 
Rotations (R) NT CT
±
  NT CT
±
 
MFM 18a 19a  13a 14a 
MWM 35b 46b  48b 44b 
MOM 37b 46b  42b 52b 
Mean 30 37    34 37   
ANOVA parameters           Probability of greater F 
T 0.136
NS
  0.340
 NS
 
R  0.001
***
  0.001
***
 
T x R          0.164
 NS
  0.085
 NS
 
CV (%) 15  16 
MFM-maize-fallow-maize; MWM-maize-wheat-maize; MOM-maize-oat-maize; NT-no till; CT-
conventional tillage; a, b - means in a row or column followed by different letters are 
significantly different at p ≤ 0.05; *, *** significant at 0.05 and 0.001, respectively; NS -                        
not significant at p ≤ 0.05; CV- coefficient of variation; CT± - Nutrient transported out in 
biomass harvest  
 
 
 
5.5.5 Selected soil nutrient contents as affected by tillage and crop rotations 
 
5.5.5.1 Nitrogen 
 
 
At the end of the experiment in 2008, the mean nitrate N (average of all tillage and crop rotation 
tretments) was higher in Lenye relative to Burnshill with minimal differences between the 0-5 
and 5-20 cm depths in both sites (Table 5.7). The effect of tillage on nitrate N was significant in 
the 0-5 cm depth at Burnshill (p ≤ 0.05). Averaged across rotation treatments, NT resulted in 
significantly higher nitrate N content compared to CT. In Lenye, crop rotation effect on soil 
nitrate N  was significant in the 0-5 cm depth  (p ≤ 0.05) whereby MWM rotation significantly 
lowered nitrate N relative to MFM and MOM rotations. The tillage × rotation interaction effect 
was significant on nitrate N in the 5-20 cm depth at Burnshill and Lenye (p ≤ 0.01). In Burnshill, 
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the soil nitrate N trend under NT was MFM > MOM > MWM which was altered to MFM > 
MWM > MOM under CT in the 5-20 cm depth. In Lenye, soil nitrate N trend under NT was 
MFM > MOM > MWM while under CT the trend was MFM > MWM > MOM  at 5-20 cm 
depth.. Across tillage and crop rotation treatments,  soil nitrate N in Lenye increased by over 30 
%  between 2005 to 2008  which was higher than in Burnshill (Tables 2.2 and 5.7).  
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Table 5.7 Tillage (T) and crop rotations (R) effects on soil nitrate (NO3- g kg
-1
) after maize 
harvest in 2008 at Burnshill and Lenye 
Site  Depth (cm) 
Burnshill  0-5  5-20 
           Tillage (T) 
 Rotation (R) NT CT Means  NT CT Means 
 MFM 52 43 48  52b 53b 52b 
 MWM 63 41 52  42a 48a 44a 
 MOM 54 44 49  51b 42a 47b 
 Means 56b 43a   48 48  
 Grand mean   50    48 
 ANOVA                Probability of greater F  
parameters          
 T 0.011

  0.811
 NS
 
 R 0.353
 NS
  0.002

 
 T×R 0.057
 NS
  0.003

 
 CV (%) 11  7 
Lenye     
 MFM 63 66 65b  61a 65b 63 
 MWM 60 60 60a  65b 61a 63 
 MOM 63 64 64b  63ab 64b 63 
 Means 62 64   63 63  
 Grand mean   63    63 
 ANOVA                Probability of greater F  
parameters          
 T 0.322
 NS
  0.431
 NS
 
 R 0.016

  0.782
 NS
 
 T×R 0.664
 NS
  0.004

 
 CV (%) 4  3 
NT-no till; CT-conventional tillage; MFM-maize-fallow-maize; MWM-maize-wheat-maize; 
MOM-maize-oat-maize; a, b - means in a row or column followed by different letters are 
significantly different at p ≤ 0.05; *, ** significant at p ≤ 0.05 and 0.01, respectively; NS-not 
significant at p ≤ 0.05; CV–coefficient of variation. 
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5.5.5.2 Phosphorus  
 
 
The mean soil extractable P (average of all tillage and crop rotation tretments) was higher in 
Lenye relative to Burnshill with higher extractable P concentration in the 0-5 compared to 5-20 
cm depth at both sites (Table 5.8).  Soil extractable P was significantly affected by tillage (p ≤ 
0.05) and crop rotations (p ≤ 0.01) in the 0-5 cm depth at Burnshill. Averaged across rotation 
treatments, NT  resulted in significantly higher extractable P concentration relative to CT while 
across tillage treatments, MOM rotation significantly (p ≤ 0.05) increased soil extractable P 
compared to MFM and MWM rotations. The  tillage × rotation interaction effect was significant 
on soil extractable P in the 5-20 cm depth (p ≤ 0.001) in Burnshill. The soil extractable P trend 
under NT was MFM > MWM and MOM while MWM and MFM > MOM under CT. 
 
Tillage effect on soil extractable P was  not significant in the 0-5 cm depth but significant in the 
5-20 cm depth (p ≤ 0.05) in Lenye. No till resulted in significantly lower soil extractable P 
relative to CT in the 5-20 cm depth. Crop rotation had significant effect on extractable P in the 0-
5 and 5-20 cm depths (p ≤ 0.01). The MWM rotation resulted in significantly lower soil 
extractable P relative to MFM rotation in the 0-5 cm depth while MFM rotation significantly 
reduced the nutrient concentration relative to MWM and MOM in the 5-20 cm depth. Tillage × 
rotation interaction was significant for soil extractable P in the 0-5 (p ≤ 0.05) and 5-20 (p ≤ 
0.001) cm depths. The nutrient trend under NT was MOM > MFM > MWM while MWM and 
MOM < MFM  under CT in the 0-5 cm depth. The soil extractable P trend under NT was MFM 
and MWM < MOM while under CT the trend was MWM > MOM > MFM in the 5-20 cm. 
Across tillage and crop rotations, the soil extractable P increased by more than two-fold in 
Burnshill and  by over 4 % in Lenye between 2005 to 2008 (Tables 2.2 and 5.8).  
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Table 5.8 Tillage (T) and crop rotations (R) effects on soil extractable phosphorus (mg kg
-1
) after 
maize harvest in 2008 at Burnshill and Lenye 
Site  Depth (cm) 
Burnshill  0-5  5-20 
           Tillage (T) 
 Rotation (R) NT CT Means  NT CT Means 
 MFM 10 8 9a  6b 6b 6b 
 MWM 11 10 9a  4a 8c 6b 
 MOM 12 9 11c  4a 4a 4a 
 Means 11a 9a   5 6  
 Grand mean   10    6 
 ANOVA                Probability of greater F  
parameters          
 T 0.028

  0.170
 NS
 
 R 0.004

  0.004

 
 T×R 0.430
 NS
  0.001

 
 CV (%) 6  7 
Lenye     
 MFM 31ab 34b 33b  18a 22ab 20a 
 MWM 28a 27a 27a  18a 28c 23b 
 MOM 32ab 27a 30ab  25bc 24bc 24b 
 Means 30 29 -  21a 24b  
 Grand mean   30    23 
 ANOVA                Probability of greater F  
parameters          
 T 0.595
 NS
  0.050

 
 R 0.007

  0.005

 
 T×R 0.045

  0.001

 
 CV (%) 8  10 
NT-no till; CT-conventional tillage; MFM-maize-fallow-maize; MWM-maize-wheat-maize; 
MOM-maize-oat-maize; a, b, c - means in a row or column followed by different letters are 
significantly different at p ≤ 0.05; *, **, *** significant at p ≤ 0.05, 0.01 and 0.001, respectively; 
NS-not significant at p ≤ 0.05; CV–coefficient of variation 
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5.5.5.3 Potassium  
 
The mean soil extractable K (average of all tillage and crop rotation tretments) was higher in 
Burnshill compared to Lenye whereas extractable K was higher at 0-5 compared to 5-20 cm 
depth at Lenye (Table 5.9). Tillage effect on soil extractable K was not significantly different in 
the 0-5 cm depth but significant in the 5-20 cm depth at Burnshill (p ≤ 0.05). Conventional 
tillage resulted in significantly higher soil extractable K relative to NT in the 5- 20 cm depth. 
Crop rotation effect was significant on soil extractable K in the 0-5 cm (p ≤ 0.01) and not 
significant in the 5-20 cm depth. The MWM rotation significantly reduced soil extractable K 
relative to MFM and MOM rotations in the 0-5 cm depth.  Tillage × rotation interaction effect 
was significant on soil extractable K in the 0-5 (p ≤ 0.001) and 5-20 (p ≤ 0.05) cm depths  at 
Burnshill (Table 5.9). The soil extractable K trend under NT was MFM > MOM > MWM and 
MWM > MOM > MFM under CT in the 0-5 cm depth while at 5-20 cm, the trend was MOM > 
MFM > MWM under NT and MWM > MOM > MFM under CT. In Lenye, the effect of tillage 
treatment was significant on soil K concentration in the 0-5 (p ≤ 0.05)  and 5-20 (p ≤ 0.01) cm 
depths. Across rotation treatments, CT resulted in significantly higher soil K concentration 
relative to NT in the 0-5 and 5-20 cm depths. Crop rotation and the tillage × rotation interaction 
effects were not significant in the 0-5 and 5-20 cm depths. Across tillage and crop rotations, soil 
K concentration increased by over 64 % from 2005 to 2008 in Burnshill and Lenye (Tables 2.2 
and 5.9). 
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Table 5.9 Tillage (T) and crop rotations (R) effects on soil extractable K (g kg
-1
) after maize 
harvest in 2008 at Burnshill and Lenye 
Site  Depth (cm) 
Burnshill  0-5  5-20 
           Tillage (T) 
 Rotation (R) NT CT Means  NT CT Means 
 MFM 0.89d 0.71ab 0.80b  0.67ab 0.80bc 0.73 
 MWM 0.65a 0.76bc 0.70a  0.64a 0.90c 0.77 
 MOM 0.85cd 0.75abc 0.80b  0.83c 0.83c 0.83 
 Means 0.80 0.74   0.71a 0.84b  
 Grand Mean   0.77    0.77 
 ANOVA                Probability of greater F  
parameters          
 T 0.170
 NS
  0.045

 
 R 0.004

  0.071
 NS
 
 T×R 0.001

  0.017

 
 CV (%) 7  10 
Lenye     
 MFM 0.56 0.57 0.57  0.42 0.58 0.50 
 MWM 0.54 0.66 0.60  0.44 0.58 0.51 
 MOM 0.52 0.66 0.60  0.42 0.55 0.48 
 Means 0.54a 0.63b   0.42a 0.57b  
 Grand mean   0.59    0.49 
 ANOVA                Probability of greater F  
parameters          
 T 0.025

  0.006

 
 R 0.444
 NS
  0.654
NS
 
 T×R 0.080
 NS
  0.864
 NS
 
 CV (%) 9  10 
NT-no till; CT-conventional tillage; MFM-maize-fallow-maize; MWM-maize-wheat-maize; 
MOM-maize-oat-maize; a, b, c, d - means in a row or column followed by different letters are 
significantly different at p ≤ 0.05; *, **, *** significant at p ≤ 0.05, 0.01 and 0.001, respectively; 
NS-not significant at p ≤ 0.05; CV–coefficient of variation 
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5.6 DISCUSSION 
 
5.6.1         Effects of tillage and crop rotations on grain yield and nutrient uptake 
 
5.6.1.1      Grain yield 
 
Improvement of soil P concentration from very low to moderate levels in Burnshill could have 
contributed to higher grain yield increase from 2007 to 2008 in Burnshill compared to Lenye 
(Tables 2.2, 5.1 and 5.7). Phosphorus is reported to play a very important role in flower 
formation and seed production and other functions (Gichangi, 2007). Lack of differences in grain 
yield amongst crop rotations and between tillage practices could be attributed to minimal 
differences in plant nutrients distribution and concentration between these management practices 
over the short 3 year study period.  
 
 5.6.1.2     Nitrogen  
 
Lower water supply to the maize crop without supplementary irrigation in 2008 (463 mm) 
compared to 2007 (651 mm) presumably reduced the crop N uptake in 2008 compared to 2007 in 
Burnshill (Fig.5.1 and 5.2).  Earlier studies on fertilizer N recovery by maize crop in semi-humid 
highlands of Kenya showed that nutrient uptake was affected by rainfall distribution and amount, 
and cropping system (Kibunja et al., 2001). Soil moisture deficit caused by low water supply 
may lead to poor N recoveries while excessive water supply could lead to similar effect through 
N losses through leaching (Kibunja et al., 2001; Bationo et al., 2007).  High N uptake under 
MOM relative to MFM could be attributed to higher organic N release from the plant biomass 
inputs under MOM rotation relative to maize monoculture under NT in Lenye (Tables 2.3 and 
5.3). Smith and Sharpley (1990) observed higher net mineralized N from oat relative to wheat 
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and corn residues implying that oats may replenish more N to the soil relative to wheat and 
maize.  
Reduced N removal by crop and/or increase organic N release with long off-season period over 
the winter under MFM rotation possibly increased soil N reserves relative to the MWM and 
MOM rotations resulting in higher crop nutrient uptake compared to double cropping with wheat 
and oats under CT in Lenye (Table 5.3). Reduced N release from organic N sources possibly 
contributed to lower nutrient uptake under NT compared to CT in 2007 at Lenye. Tillage 
promotes organic N mineralization, however, in the long-term NT has potentially greater N pool 
relative to CT (Doran, 1980; Mahdi & Kwau-Mensa, 2007). Gradual N release that usually 
occurs under NT and improved synchronization with crop uptake maintained similar maize N 
uptake levels in 2007 and 2008 cropping seasons while less nutrient uptake was evident under 
CT between the two years in Lenye (Table 5.3). 
 
5.6.1.3          P hosphorus 
 
Higher maize P uptake in 2008 relative to 2007 in Burnshill could be attributed to high build up 
of the soil P reserves over the trial period from initially very low levels in 2005 (Tables 2.2, 5.2 
and 5.8). Reduced soil P removal through crop uptake under MFM rotation relative to continous 
cropping under MWM rotation presumably enhanced soil P reserves resulting in higher nutrient 
uptake under MFM compared to MWM rotation in 2007 (Tables 5.3 and 5.8). High soil residue 
P presumably enhanced P uptake under MFM relative to MWM and this is supported by soil P 
concentration which followed the order MOM > MFM > MWM in the 0-5 cm depth under NT at 
Lenye in 2008 (Table 5.8). However, reduced soil moisture conditions in 2008 (456 mm) 
compared to 2007 (706 mm) likely reduced maize P uptake amongst the three crop rotations in 
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2008 (Figs. 5.1 and 5.2). High maize P uptake under CT than NT in 2007 at Lenye is consistent 
with the findings of Ishaq et al. (2001) where high nutrient uptake for wheat under deep tillage 
compared to minimum tillage was attributed to better nutrient utilization by the crop as a result 
of deep root proliferation (Table 5.3). Lower soil bulk density under CT than NT observed in 
Lenye could have favoured better root proliferation under tilled compared to untilled soils (Table 
3.1). Reduced soil moisture in 2008 in comparison with 2007 probably minimised nutrient 
utilization by the maize crop resulting in similar nutrient uptake under the two tillage practices. 
 
5.5.1.4          Potassium  
 
Higher maize K uptake under NT than CT in 2007 at Burnshill contradicts earlier findings by 
Iqbal et al. (1995) and Ishaq et al. (2001) where nutrient uptake under tilled conditions exceeded 
untilled soils in cereal production (Table 5.2).  However, the maintainance of more humid soil 
environment under NT relative to CT as a result of reduced evaporation with increasing soil 
surface cover may enhance nutrient uptake under untilled compared to tilled soil. Maintenance of 
high soil moisture levels under NT compared to CT has been reported in an earlier study by 
Halvoson et al. (2000). Reduced soil moisture in 2008 presumably reduced nutrient uptake by 
maize under both tillage practices in Burnshill (Figs. 5.1 and 5.2).  
The relatively high soil K concentration within the plough layer under CT than NT  under MFM 
rotation in Lenye may have enhanced maize K uptake under tilled relative to untilled conditions 
in both 2007 and 2008 (Tables 5.4 and 5.9). The increasing soil extractable K under both tillage 
practices over the study period increased maize K uptake in 2007 compared to 2008 for both 
tillage practices under MFM rotation (Tables 2.2, 5.4 and 5.9). Similarly, higher soil K 
concentration within the plough layer under CT than NT enhanced maize K uptake under NT 
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compared to CT under MWM rotation in 2008.  Increasing soil extractable K over study period 
enhanced maize K uptake in 2008 relative to 2007 for MWM and MOM rotation under CT and 
NT, respectively. 
 
5.6.1.5 Nitrogen and phosphorus removal in above ground plant biomass 
 
Nitrogen and P removed from the soil by the above ground maize, wheat and oats biomass left in 
the field as crop residues was estimated in 2006 and 2007. Nutrients tied up in plant biomass are 
released to the soil upon decomposition of crop residues.  The differences in N and P removal in 
above ground cereal biomass under the three crop rotations reflected differences in total dry 
matter production (Tables 2.3). The above ground plant biomass production on a per hectre basis 
were 5.9, 9.5 and 8.3 tons under MFM, MWM and MOM and the corresponding N removed was 
125, 221 and 205 kg in Burnshill, respectively (Tables 2.3 and 5.5). Corresponding P removal in 
above ground plant biomass was 19, 40 and 42 kg ha
-1
 (Tables 2.3 and 5.6). In Lenye, the above 
ground plant biomass production under MFM, MWM and MOM were 3, 11.1 and 9.2 tons ha
-1 
and corresponding N removed was 86, 209, 200 kg ha
-1
, respectively. Corresponding P removal 
in above ground plant biomass was 14, 46 and 47 kg ha
-1
. These results are consistent with those 
of Iqbal et al. (2001) who also observed high wheat P recovery with higher biomass production 
under CT compared to NT under rainfed conditions. 
 
 
 
5.6.2        Effect of tillage and crop rotations on soil nutrient concentration 
 
Build up and/or decline in soil nutrient concentrations reflect a balance between contributions 
from fertilizer inputs, additions from decomposing organic residues, removal through crop 
uptake and leaching beyond sampled depth.  
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5.6.2.1         Nitrogen 
 
Higher soil N under NT relative to CT in the 0-5 cm depth at Burnshill could be attributed to 
higher nutrient release from high amounts of organic residue inputs under NT relative to CT 
and/or gradual N release under untilled relative to tilled soils (Tables 2.3 and 5.7). Delayed N 
release under NT compared to CT was reported in an earlier study where pre-plant soil N was 
higher under CT but gradually increased under NT to attain a higher than initial concentration 
under CT late into the growing season (Maali & Agenbag, 2003). Tillage promotes organic N 
mineralization, however, in the long-term NT has potentially greater N pool relative to CT 
(Doran, 1980; Mahdi & Kwau-Mensa, 2007). Tillage enhances aeration and improves soil-
organic matter contact for rapid organic N mineralization while NT minimises this 
transformation (Logan et al., 1991; Jarvis et al., 1996). The relatively high N removal in above 
ground biomass with wheat and oat double cropping under CT than NT could have contributed 
to lower soil N concentration under untilled compared to tilled soils in the 0-5 cm depth in 
Burnshill (Tables 5.5 and 5.7). 
Under NT, reduced crop  N removal under MFM rotation and high N release from oat relative to 
wheat under the MOM rotation could have contributed to higher soil N for the two rotations 
compared to the MWM rotation in the 5-20 cm depth on Burnshill (Tables 5.5 and 5.7). Similar 
differences in N uptake and release from organic residues for the three crop rotations contributed 
to lower soil N concentation under MWM compared to MFM and MOM rotations in the 0-5 cm 
depth in Lenye. In an earlier study, Smith & Sharpley (1990) found net N mineralized from soil 
amended with cereal organic residues to decrease in order of oats > wheat > corn. Higher N 
removal in the above ground plant biomass under MWM and MOM rotations than MFM rotation 
contributed to lower soil N under wheat and oat double cropping compared to maize (Tables 5.5 
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and 5.7). High below ground organic matter inputs under MWM rotation contributed to higher 
soil N replenishment compared to MFM rotation under NT in 5-20 cm depth in Lenye (Tables 
2.3 and 5.7). However under CT, lower N uptake under MFM rotation and relatively higher N 
release from oat residue compared to wheat enhanced soil N concentration under MFM and 
MOM relative to MWM rotations in the 5-20 cm depth in Lenye.      
 
5.6.2.2         Phosphorus 
 
High P stratification on soil surface under NT which is attributed to limited soil mixing with no 
till as opposed to tilled soils contributed to higher extractable P under NT than CT in the 0-5 cm 
depth in Burnshill (Garcia et al., 2007).  High rate of oat residue decomposition relative to wheat 
presumably enhanced soil P replenishment compared to MFM rotation in the 0-5 cm depth in 
Burnshill. High P removal in above ground biomass with wheat and oat double cropping under 
NT contributed to lower soil extractable P compared to MFM rotation in the 5-20 cm depth in 
Burnshill (Tables 5.6 and 5.8). It is possible that high organic P was released early in the season 
from oat compared to maize and wheat residues under CT and the subsequent crop uptake 
diminished soil P reserves under MOM rotation compared to MFM and MWM rotations prior to 
soil sampling. This is supported by similar P removal in above ground biomass under MWM and 
MOM rotations but lower plant biomass production under the latter rotation. Lower P removal in 
maize biomass under MFM rotation compared to MWM and MOM could have contributed to 
higher soil nutrient reserves for maize monoculture relative to MWM and MOM rotations under 
CT in the 0-5 cm depth in Lenye (Tables 5.6 and 5.8).  Increased organic P release from high 
below ground oat biomass relative to MFM rotation probably enhanced soil extractable P under 
MOM compared to maize monoculture under NT in the 5-20 cm depth in Lenye (Table 2.3). 
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High rate of oat residue decomposition relative to wheat presumably enhanced organic P release 
therefore contributing to higher soil extractable P under MOM than MWM rotation under NT in 
the 5-20 cm depth in Lenye. In an earlier study elsewhere, Kumar & Goh (2003) found that oat 
residue decomposition rate constant was three-fold higher compared to wheat in a 110 day 
laboratory incubation study. High below ground plant biomass inputs under MWM and MOM 
rotations relative to MFM rotation likely enhanced organic P release contributing to higher soil 
extractable P for wheat and oat based rotational cropping practice compared to maize 
monoculture under CT in the 0-5 cm depth in Lenye (Table 2.3). 
 
5..6.2.3          Potassium 
 
Reduced K removal in plant biomass under MFM relative to MWM rotation probably 
contributed to higher soil extractable K under maize monoculture compared to MWM rotation in 
the 0-5 cm depth under NT in Burnshill (Table 2.3). High K removal through high plant biomass 
under MWM may have contributed to lower soil extractable K compared to MOM rotation in the 
0-5 cm depth under NT in Burnshil (Table 2.3). Similar effect could have contributed to higher 
soil extractable K under MOM rotation than MWM in the 5-20 cm depth under NT in Burnshill. 
Similar soil extractable K content under all three crop rotations, despite higher nutrient removal 
with wheat and oat double cropping in the 0-5 and 5-20 cm depth in Burnshill, could be 
attributed to better crop nutrient mobilization from deep soil layers under MWM and MOM 
compared to maize monoculture (Table 2.3). High soil extractable K under CT compared to NT 
in the 0-5 and 5-20 cm depths at Lenye is consistent with earlier findings by Edwards et al. 
(1992) and Rhoton (2000) and is attributed to improved K recycling with tillage compared to 
untilled soils. 
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5.7 CONCLUSIONS 
 
The high maize grain yield and reduced plant N and K uptake in 2008 compared to 2007 largely 
reflected crop productivity gains attributed to evenly distributed water supply as opposed to 
quantities applied during the cropping season. However, increasing grain yield with declining 
plant N uptake implied enhanced N use efficiency which could be partially attributed to benefits 
arising from crop rotation practices studied. Irrespective of tillage practice, increasing amounts 
of soil N tied up in undecomposed above ground crop residues over time contributed to reduced 
plant N uptake in 2008 relative to 2007 in Burnshill and Lenye. The differences in soil N and P 
content among tillage and crop rotation practices in both sites had minimal impact on plant grain 
yield nutrient uptake suggesting longer time period was necessary for realization of their 
influence on these parameters. However, the three-fold high soil extractable P in Lenye relative 
to Burnshill isolates P as the key nutrient contributing to high maize yield in Lenye compared to 
Burnshill. The influence of tillage and crop rotation on soil extractable P was not evident in this 
study and P accumulation in the upper layer of soil irrespective of tillage practice reflected its 
low mobility rather than absence of soil mixing. In agreement with other long-term tillage 
studies, there was higher soil extractable K under conventional tillage compared to no till in both 
sites.  No tillage and crop rotations are essential components of conservation agriculture and both 
practices had no negative impact on maize yield and plant nutrient availability in this short-term 
study. Generally, the differences associated with tillage and crop rotations on soil chemical and 
crop growth parameters take long to emerge and further long-term studies may be needed to 
complement these findings. 
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CHAPTER 6 
 
SENSITIVITY OF SELECTED SOIL QUALITY PARAMETERS TO TILLAGE AND 
 ROTATIONAL COVER CROPPING AT ZANYOKWE IRRIGATION SCHEME,  
SOUTH AFRICA 
 
6.1 ABSTRACT  
Sustainable use of soils requires clear understanding of the soil’s sensitivity to agronomic 
management practices like tillage and crop rotation. The objective of this study was to identify 
soil attributes with high sensitivity to tillage and rotational cover cropping practices on two 
sandy clay loam soils at Zanyokwe Irrigation Scheme. Treatments were no tillage (NT), 
conventional tillage (CT) and three crop rotations involving maize-fallow-maize (MFM), maize-
wheat-maize (MWM) and maize-oat-maize (MOM). Principal component analysis (PCA) was 
used to isolate soil chemical, physical and biological parameters that were most altered by tillage 
and crop rotations while hierarchical cluster analysis (HCA) was used to discriminate the crop 
rotation effects. Results showed that soil microbial biomass N (MBN), mineralizable N (MN), 
extractable P and aggregate stability by fast wetting (FW) were most altered by tillage and crop 
rotations at the 0 to 20 cm depth. The MWM and MOM rotations were clustered together and 
clearly separated from the MFM rotation. The soil properties that were most sensitive to tillage 
and crop rotations were those most influenced by organic matter inputs.  
Keywords Principal component analysis; Hierarchical cluster analysis; Tillage; 
Soil quality 
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6.2 INTRODUCTION 
 
The soil’s ability to fulfill its function is linked to its inherent physical, chemical and biological 
properties. Many soil physical, chemical and biological attributes that are needed in assessing 
the impact of land use on soil conditions have been suggested (Doran & Parkin 1994; Haynes & 
Graham, 2004). Reduced tillage, residue returning practices such as cover cropping and manure 
application have been shown to result in significant shifts in some soil properties included in 
minimum data set for soil quality assessment (Karleen et al., 1997; Franco-Vizicano, 1997). 
These studies have continued to shed light on the relatedness or in some cases, distinction 
between properties assumed to represent similar or dissimilar facets of the soil (Halvorson et al., 
1995). 
 The Association of Soil Microbiologists and Biochemists in South Africa proposed a set of 
twenty soil physical, chemical and biological attributes for assessing soil quality (Haynes and 
Graham, 2004). Soil organic carbon (SOC), pH, electrical conductivity (EC), total nitrogen 
(TN), particulate organic matter (POM), mineral N, P, K and Ca were some of the proposed 
attributes evaluated in the present study. However, particulate organic matter was not among the 
chemical parameters suggested for South Africa by Haynes and Graham, (2004) but was 
included in this study due to its high response to management relative to other soil organic 
matter fractions (Wander & Bollero, 1999). The soil biological parameters considered in the 
study were microbial biomass C and N (MBC and MBN), mineralized N (MN) and 
dehydrogenase enzyme activity (DHEA). Soil bulk density (b), moisture at field capacity (FC), 
aggregate stability determined by fast wetting (FW) and slow wetting (SW) were the physical 
attributes considered in this study. The effects of tillage and rotational cropping on these 
parameters at two sites in Zanyokwe irrigation scheme are reported in chapters 2, 3, and 4 for 
soil chemical, physical and biological parameters, respectively. Information on sensitivity of soil 
quality assessment parameters suggested by South African’s Association of Microbiologists and 
Biochemists to agronomic management practices is, however, still lacking. Identification of 
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fewer parameters with high sensitivity to agronomic practices is, however, crucial for monitoring 
the impact of interventions aimed at developing effective agroecosystem management strategies. 
Multivariate statistical approaches such as PCA are an appropriate first step in isolating few soil 
parameters that are highly impacted on by various cropping practices from a large data set 
(Brejda & Moorman, 1999). Hierachical cluster analysis (HCA) could further be utilized as 
indicator of closeness or otherwise to what is regarded as optimally managed or undisturbed 
conditions (Sene et al., 2002). Therefore, the objectives of this study were to (i) identify soil 
physical, chemical and biological parameters with high sensitivity to tillage and to the MFM, 
MWM and MOM crop rotations, and (ii) utilize identified parameters in clustering of MFM, 
MWM and MOM based crop rotations in Zanyokwe irrigation scheme, Eastern Cape, South 
Africa. 
 
6.3 MATERIALS AND METHODS 
Details on soil type, layout and trial design, test crops and soil sampling frequency were 
highlighted in chapter 2. Laboratory analysis of soil chemical, physical and biological parameters 
were outlined in chapters 2 and 3 (sections 2.3.4, 2.3.5, 2.3.6 and 2.3.7), 3 (sections 3.3.1, 3.3.2 
and 3.3.3) and 4 (sections 4.3.1, 4.3.2, 4.3.3 and 4.3.4), respectively. Analysis of variance 
(ANOVA) was done using Genstat Release 4.24DE statistical software (Lawes Agricultural 
Trust, 2008). Soil parameters for which the F statistic was significant at p ≤ 0.05 for main effects 
and interactions, and had CVs ≤ 40 (Hatcher and Stepanski, 1996), were subjected to PCA. 
Values used for PCA represented single depth (0-5 or 5-20 cm). A correlation matrix was used 
for PCA because the soil parameters were not measured on the same scale (James and 
McCulloch, 1990). The number of components were determined by the eigenvalue (0.5) criterion 
(Kaiser, 1960) and scree test (Cattell, 1966). All meaningful loadings (i.e., > 0.30) were included 
in the interpretation of the key principal components (PCs). Principal components that explained 
more than 5 % of the total variance were considered significant. Cluster analysis of parameters 
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accounting for ≥ 5 % of the total variance in their respective PCs was performed using Euclidean 
distance with maximal distance group criteria to differentiate differences among crop rotation 
treatments (Gustavo et al., 1999). Cluster analysis was done using SYSTAT 10 (SPSS Inc. 2000, 
USA).  
 
6.4 RESULTS 
6.4.1 Principal component analysis  
There were seven PCs with significant loadings that collectively explained 81 % of the total 
variance in the 0-5 cm depth at Bumshill (Table 6.1). Soil bulk density (b), moisture at field 
capacity (FC), aggregate stability by fast wetting (FW) and slow wetting (SW) were the 
important physical parameters with absolute scores > 0.3. Dehydrogenase enzyme activity 
(DHEA), mineralized nitrogen (MN), soil respiration (SR), microbial biomass carbon (MBC) 
and nitrogen (MBN) were important soil chemical parameters with absolute scores > 0.3. 
Principal component 1 explained 26 % of total variance and all parameters had positive scores 
which decreased in order of MN > EC > mineral N > extractable P. Except for soil pH and MBC, 
all other parameters were positively weighed on this PC. Soil organic C loaded significantly on 
PC2 which accounted for 13 % of the total variance in the data set. The PC3 explained 13 % of 
total variance and parameter scores decreased in order of MBN > DHEA > extractable K > SR > 
MBC. Soil FC and FW loaded significantly on PC4 which accounted for 9 % of total variance in 
the data and these parameters were negatively weighed on this PC. Soil pH, b and extractable K 
had significant loadings on PC5 which accounted for 8 % of total variance. Principal component 
6 explained 6 % of total variance and SR and aggregate MWD determined by SW loaded 
significantly on this PC whereas b, MBN and pH significantly loaded on PC7 which accounted 
for 6 % of total variance. 
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Table 6.1 Principal components for selected physical, chemical and biological soil parameters in the 0-5 cm depth at Burnshill  
  Principal component 
Measurement  PC1 PC2 PC3 PC4 PC5 PC6 PC7 
 Eigenvalue 5.0 2.5 2.5 1.8 1.6 1.2 1.1 
 Proportion 26 13 13 9 8 6 6 
  Rotated scores of seven retained eigenvectors 
Physical parameters         
b     -0.04 0.21 -0.19    0.10 0.44‡ 0.12 0.49‡ 
FW  0.24 -0.15   0.22 -0.32‡ 0.01 0.14 0.01 
SW  0.01 -0.26  -0.32‡ -0.12 0.29 -0.46‡ -0.23 
FC  0.02 -0.11 -0.32‡ -0.44‡ -0.06 0.25 -0.19 
Chemical parameters         
pH  -0.22 -0.10 -0.08 0.18 0.46‡ 0.24 0.30‡ 
EC  0.40‡ 0.09 0.13 -0.09 0.11 0.08 -0.04 
SOC  0.22 -0.48‡ 0.07 0.15 -0.15 0.14 0.14 
P  0.34‡ 0.20 0.17 0.02 -0.23 -0.01 0.23 
N  0.36‡ -0.02 0.05 0.06 0.20 -0.04 0.02 
K  0.05 0.26 -0.39‡ -0.04 -0.34‡ -0.24 0.11 
Biological parameters         
MBC  -0.24 0.24 0.31‡ -0.20 0.26 -0.07 0.05 
MBN  0.12 -0.13 0.44‡ 0.10 0.12 0.19 0.30‡ 
MN  0.42‡ -0.11 -0.05 0.02 0.04 -0.15 -0.03 
SR  0.01 -0.26 -0.32‡ -0.12 0.29 -0.46‡ -0.23 
DHEA  0.15 -0.20 -0.40‡ 0.09 -0.07 -0.13 0.02 
‡ Symbol identifies parameters with significant loadings within a principal component; b-soil bulk density; FW-fast wetting; SW-slow 
wetting; FC-soil moisture at field capacity; EC-electrical conductivity; SOC-soil organic carbon; MBC- microbial biomass carbon; 
MBN-microbial biomass N; MN-mineralizable nitrogen; SR-soil respiration; DHEA-dehydrogenase enzyme activity; 
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There was a sharp drop in eigenvalues from PC1 to PC2 and 87 % of the variance was explained 
by the first 5 PCs in the 5-20 cm depth at Bumshill (Table 6.2). The first PC explained 43 % of 
total variance and extractable P, MBN, EC, SR, MN and SOC made significant loadings on this 
PC. Soil MN, SOC and SR were negatively weighed on PCI. Principal component 2 explained 
18 % of variance and SOC, extractable K and MN significantly loaded on this PC. Soil pH, EC 
and SR loaded significantly on PC3 which accounted for 12 % of total variability in the data set. 
Mineral N, extractable P, EC and SR dominated in PC4 which explained 9 % of the variance. 
Principal component 5 explained 5 % of the variance with MN, pH, MBN and EC having 
significant loadings on this PC. 
 
 
Table 6.2 Principal components for selected physical, chemical and biological soil parameters in 
the 5-20 cm depth at Burnshill 
  Principal component 
Measurement  PC1 PC2 PC3 PC4 PC5 
 Eigenvalue 4.7 1.9 1.3 1.0 0.6 
 Proportion 43 18 12 9 5 
  Rotated scores five retained eigenvectors 
Chemical parameters        
pH  -0.23 0.21 -0.53‡ 0.18 0.43‡ 
EC  0.32‡ 0.09 -0.40‡ -0.34‡ -0.36‡ 
SOC  -0.30‡ -0.48‡ -0.12 0.05 -0.24 
N  0.24 0.28 -0.27 0.61‡ -0.07 
P  0.36‡ 0.12 -0.04 -0.39‡ -0.01 
K  0.29 -0.41‡ -0.20 -0.02 0.21 
Biological parameters       
MBN  0.35‡ -0.08 0.21 0.18 -0.38‡ 
MN  -0.30‡ 0.33‡ 0.13 0.23 -0.51‡ 
SR  -0.33‡ 0.25 0.34‡ 0.31‡ 0.17 
‡ Symbol identifies parameters with significant loadings within a principal component; 
EC-electrical conductivity; SOC-soil organic carbon; MBN-microbial biomass N; MN-mineralizable  
nitrogen; SR-soil respiration 
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Eighty percent of the variance (proportion) was explained by the 7 PCs in the 0-5 cm depth at 
Lenye (Table 6.3). Principal component 1 explained 18 % of the variance and MBN, DHEA, pH, 
EC, soil extractable N and extractable P and K made significant loadings on this PC. Soil MBC 
and MN made significant loadings on PC2 which explained 16 % of the variance. Soil bulk 
density and aggregate MWD determined by SW significantly loaded on PC3 which explained 13 
% of the variance. Principal component 4 explained 11 % of the variance and soil aggregate 
MWD determined by FW and FC loaded significantly on this PC. Soil respiration (SR) was the 
only parameter that loaded significantly on PC5 which explained 10 % of the variance. Principal 
component 6 explained 7 % of the variance with soil pH, b, aggregate MWD determined by 
FW and extractable P significantly loaded on this PC. Soil MBC, b, aggregate MWD 
determined by FW and extractable K loaded significantly on PC7 which explained 5 % of the 
variance.  
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        Table 6.3 Principal components for selected physical, chemical and biological soil parameters in the 0-5 cm depth at Lenye  
  Principal component 
Measurement  PC1 PC2 PC3 PC4 PC5 PC6 PC7 
 Eigenvalue 3.6 3.0 2.5 2.0 1.8 1.3 1.0 
 Proportion 18 16 13 11 10 7 5 
  Rotated scores of seven retained eigenvectors 
Physical parameters         
b  0.02 -0.07 0.37‡ 0.17 -0.12 0.38‡ -0.30‡ 
FW  -0.12 0.22 0.13 0.33‡ -0.15 -0.36‡ -0.45‡ 
SW  0.11 0.23 -0.41‡ 0.20 0.19 0.03 -0.13 
FC  0.14 0.17 -0.11 -0.32‡ -0.16 -0.27 0.07 
Chemical parameters         
pH  -0.37‡ -0.18 0.13 -0.16 0.04 -0.31‡ -0.25 
EC  -0.33‡ -0.23 0.22 -0.20 0.02 -0.06 -0.19 
SOC  -0.14 -0.18 -0.22 -0.20 0.18 0.08 0.13 
POM  -0.22 0.28 0.15 0.28 0.18 0.08 0.13 
P  -0.37‡ -0.18 0.13 -0.16 0.04 -0.31‡ -0.25 
N  -0.31 -0.23 -0.29 0.07 0.10 -0.04 0.10 
K  0.38‡ -0.18 -0.18 -0.15 -0.01 -0.08 -0.33‡ 
Biological parameters         
MBC  0.15 -0.40‡ 0.04 0.18 0.14 -0.19 0.43‡ 
MBN  0.30‡ -0.15 0.28 -0.04 0.24 -0.20 -0.17 
MN  -0.10 0.44‡ 0.24 0.04 0.26 -0.20 -0.02 
SR  -0.14 -0.13 -0.05 -0.20 0.56‡ 0.20 -0.13 
DHEA  -0.34‡ 0.17 -0.23 -0.10 -0.25 -0.03 -0.03 
‡ Symbol identifies parameters with significant loadings within a principal component; b-soil bulk density; 
FW-fast wetting; SW-slow wetting; FC-soil moisture at field capacity; EC-electrical conductivity; SOC-soil organic  
carbon; POM-particulate organic matter; MBC-microbial biomass carbon; MBN-microbial biomass nitrogen; MN-  
mineralizable nitrogen; SR-soil respiration; DHEA-dehydrogenase enzyme activity  
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There were eight chemical and four biological parameters with significant loadings that 
collectively explained 89 % of the variance in 5-20 cm depth at Lenye (Table 6.4). Principal 
component 1 explained 34 % of the variance and EC, extractable K and MN loaded 
significantly on this PC. Soil organic carbon (SOC) significantly loaded on PC2 which 
explained 18 % of the variance. Soil respiration (SR), MBN, pH and extractable P loaded 
significantly on PC3 which explained 16 % of the variance. Principal component 4 explained 
10 % of the variance with mineral N and pH making significant loadings on this PC. Soil 
mineral N, MBN and extractable P made significant loadings on PC5 which explained 6 % of 
the variance. Soil pH made significant loadings on PC6 which explained 5 % of the variance  
 
Table 6.4 Principal components for selected physical, chemical and biological soil parameters 
in the 5-20 cm depth at Lenye in 2008 
  Principal component 
Measurement  PC1 PC2 PC3 PC4 PC5 PC6 
 Eigenvalue  4.4  2.2 1.9 1.2 0.8 0.6 
 Proportion 34 18 16 10 6 5 
Chemical parameters  Rotated scores of seven retained eigenvectors 
pH  0.01 -0.08 0.43‡ 0.54‡ -0.11 0.56‡ 
EC  0.42‡ 0.20 0.07 -0.10 -0.18 -0.12 
SOC  -0.06 0.63‡ 0.18 0.17 0.03 0.03 
N  0.21 -0.15 0.27 0.50‡ 0.50‡ 0.16 
P  0.23 0.26 -0.39‡ -0.21 0.34‡ 0.19 
K  0.42‡ -0.03 0.05 -0.27 0.08 -0.14 
Biological parameters        
MBN  -0.22 0.03 0.32‡ -0.28 0.71‡ -0.15 
MN  -0.43‡ -0.11 -0.05 0.26 -0.02 0.28 
SR  -0.08 -0.11 0.60‡ 0.03 -0.25 -0.25 
‡ Symbol identifies parameters with significant loadings within a principal component; EC-electrical 
conductivity; SOC-soil organic carbon; MBN-microbial biomass nitrogen; MN-mineralizable nitrogen; 
SR-soil respiration 
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6.4.2 Hierachical cluster analysis 
 
 
The MWM and MOM rotations were clustered together at a distance from the MFM rotation in 
the 0-5 cm depth at Burnshill (Fig. 6.1a). However, the MFM and MOM rotations were 
clustered together and clearly separated from the MWM rotation in the 5-20 cm depth at 
Burnshill (Fig. 6.1b). In Lenye, the MWM and MOM rotations were clustered together and at a 
distance from MFM rotation at both the 0-5 and 5-20 cm depths (Fig. 6.2c and d). 
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Fig. 6.1 Dendogram obtained by HCA using soil physical, chemical and biological parameters in the 0-5 cm (a) and 5-20 cm (b) depth 
at Burnshill, and 0-5 cm (c) and 5-20 cm  (d) depth at Lenye
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6.5 DISCUSSION 
 
 
Soil organic matter related parameters (SOC, MBN, MN and DHEA) accounted for 52 % of 
variance in the first three components for the 0-5 cm depth at Burnshill (Table 6.1). Soil MN 
reflects the N supplying capacity of the soil and had the highest loading among soil biological 
parameters in PC1 which accounted 26 % of the total variability observed in the data set. This 
confirms earlier findings that also identified this biological parameter as an early sensitive 
indicator of agroecosystem response to tillage practices (Islam & Weil, 2000; Jaladhi et al., 
2005). The wider differences observed in SOC between NT and CT in the 0-5 cm depth at 
Burnshill (Table 2.5) could have contributed to identification of this parameter as the basis for 
separation of the two tillage practices in PCA. Similarly, the high quantities of less decomposed 
organic substrates under NT relative to CT as earlier reported by Alverez et al. (1995) could 
have enhanced microbial activity under NT relative to CT (Tables 4.2 and 4.3).  
Soil extractable P and K were the only non organic matter related parameters included in PC1 
and 2 which accounted for 61 % of variance in the 5-20 cm depth at Burnshill (Table 6.2).  In 
earlier studies, Wander & Bollero and Brejda & Moorman (1999) identified organic matter 
related parameters (SOC, MBC, PMN, POM) as sensitive indicators of impact of land 
management practices on soil condition in USA.  Soil organic matter (SOC) is cited as an 
indicator of soil fertility and stability against degradation such as erosion (Doran, 1996). Soil 
respiration and MN are soil microbial parameters closely linked to SOC which is the energy 
source for soil microbes. 
Extractable P, K, EC, b, SW and organic matter related parameters (SOC, MBC, MN and SR) 
were the key PCs (PC1-3) in Lenye that accounted for 47-68  % of the total variation in the 0-5  
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and 5-20 cm depths (Tables 6.3 and 6.4). This was consistent with the findings of Jaladhi et al. 
(2005) in which available P and mean weight diameter of soil aggregates were found to be 
important soil quality parameters for use in development of soil quality index (SQI) in rice based 
cropping systems.  According to Doran et al. (1996), soil P and K were indicators of available 
plant nutrients as well as productivity and environmental quality indices. The differences in soil 
P concentration between crop rotationsobserved in the present study could be attributed to 
differences in rate of P release from different organic residues as discussed in Chapter 5. The 
differences in soil K concentration between tillage practices could be attributed to improved K 
recycling under tilled compared to non-tilled soils (Ishaq et al., 2001).  Maddoni et al. (1999) 
also identified soil extractable P and K as parameters that clearly differentiated soils with 
different cropping histories in the Rolling Pampa of Argentina.  
Soil EC is a measure of salinity and high values could negatively affect crop growth (Landon, 
1991; Veenstra et al., 2006). Reduction in soil EC under the MWM and MOM rotations relative 
to the MFM rotation is consistent with earlier report by Veenstra et al. (2006)  which indicated 
that enhancement of salts recycled through plant biomass with increased cropping intensity could 
reduce soil salinity.   
Soil bulk density (b) is important as an indicator of potential for leaching and productivity 
(Doran and Parkin, 1994; Doran et al., 1996). The reduction of soil b under CT relative to NT 
could have contributed to identification of this parameter for separation of tillage practices in 
PCA at Lenye (Table 3.1). The lower b with tillage is attributed to the loosening of compacted 
soil layers within the plough layer (Khan et al., 2010). However, the higher SOC observed under 
CT relative to NT in the 0-5 cm in Lenye could have contributed to the differences in soil bulk 
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density observed between tillage practices. Improvement of soil physical properties including 
reduction in soil density with increasing SOC was also reported by Khan et al. (2010).  
 Soil mean weight diameter (MWD) determined by SW is an indicator of soil structural stability 
(Le Bissonais, 1996).  The relatively higher aggregate MWD determined by SW under MOM 
rotation compared to the MFM and MWM rotations could have contributed to identification of 
this parameter for separation of crop rotation practices in PCA at Lenye (Table 3.4).  The MWD 
determined by SW increased with enhancement in SOC as influenced by crop rotations reflecting 
the positive impact of increasing soil C on soil structure stabilization as earlier discussed in 
chapter 3 (Tables 2.5 and 3.4). The positive role of crop rotations in enhancing C sequestration 
and improved soil structural stability was confirmed by scanning electron microscope (SEM) 
which showed that soil particles under MOM rotation had more dense organic coatings 
compared to MFM rotation under NT (Chapter 3).  
The clustering of MWM and MOM rotations together at a distance from MFM rotation could be 
attributed to more enhanced C sequestration with wheat and oat double cropping than the MFM 
rotation (Figs. 6a, c and d). Soil MBC and DHEA reflected the widest differences between MFM 
, MWM and MOM rotations (Tables 4.1 and 4.5) and may have contributed significantly towards 
clustering of MWM/MOM away from MFM rotation. Earlier studies by Sena et al. (2002) also 
found microbial biomass as an important soil attribute that facilitated the differentiation of 
cultivated from non disturbed forested areas in  Brazil. 
 The MOM rotation enhanced MBN and MN relative to MFM rotation in Burnshill and soil P 
concentration compared to maize monoculture in Burnshill and Lenye (Chapters 4 and 5).   
Similarly, tillage has been reported to influence soil C reserves whereby CT depletes this reserve 
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by exposing aggregate protected SOM to microbial oxidation while NT enhances soil C 
accumulation through reduced mineralization of organic matter (Mill & Fey, 2003, Saraiva et al., 
2003 as quoted by Franchini et al., 2007).   
 
6.6 CONCLUSIONS 
 
Principal component analysis allowed for identification of fewer soil physical, chemical and 
biological parameters with high sensitivity to tillage and crop rotations.  Aggregate stability 
determined by slow wetting and b showed the highest sensitivity to management amongst the 
soil physical properties studied.  Soil mineralizable N, microbial biomass C and N were the soil 
biological parameters that showed high sensitivity to tillage and crop rotation practices.  
However, soil extractable P and K which are highly influenced by external chemical fertilizer 
inputs showed lower sensitivity to management compared to soil physical and biological 
parameters. Based on all parameters with high sensitivity to tillage and crop rotations studied, the 
MWM and MOM rotations were recognized as similar but different from MFM rotation in 
hierarchical cluster analysis. Overall, soil organic C, MN, MBC, MBN, extractable K and P, b, 
and aggregate stability determined by SW were the parameters that showed high sensitivity to 
tillage and crop rotations. 
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CHAPTER 7 
 
7.1 GENERAL DISCUSSION, CONCLUSIONS AND FUTURE RESEARCH 
 
7.1.1 Soil organic matter related parameters and relationship to pH and electrical 
conductivity 
 
Results in Chapter 2 showed that the crop rotations differed in their capacity to increase soil 
organic C (Table 2.5). The MOM rotation enhanced SOC compared to MWM and MFM 
rotations in the 0-5 and 5-20 cm depth in Burnshill. High SOC under MOM rotation relative to 
MWM and MFM rotations could be attributed to high residue decomposition rate for oats 
relative to wheat as earlier reported by Kumar & Goh (2003) and differences in plant biomass 
inputs under the three crop rotations (Table 2.3, Chapter 2).  The increases in SOC as influenced 
by tillage and crop rotation were less evident in Lenye compared to Burnshill but MOM rotation 
increased SOC relative to the MFM rotation in the 5-20 cm depth in Lenye. High organic matter 
inputs as a result of high cropping intensity and fertilizer input increased SOC from low (9 g kg
-
1
) (Mandiringana et al ., 2005) to medium (13 g kg
-1
) levels under the three crop rotations from 
2005 to 2008 in Burnshill (Tables 2.2 and 2.5).   
No till increasd POM relative to CT in Lenye possibly reflecting high sensitivity of this 
parameter to management relative to the overall SOM pool as no tillage differences were 
detected for SOC (Table 2.4, Chapter 2). These results are in agreement with an earlier report by 
Six et al. (1999) which indicated that POM is readily lost with tillage compared to other SOM 
fractions. The strong positive association between POM and NM (R
2
 = 0.93) in Lenye reflected 
the importance of this readily mineralizable component of SOM in replenishing soil N (Fig. 2.1)  
as earlier reported by Cambardella & Elliot, (1992).  No till increased TN compared to CT in the 
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0-5 cm in Burnshill while MWM and MOM rotations enhanced this parameter relative to MFM 
rotation in the 5-20 cm depth in Lenye (Table 2.6, Chapter 2).  
Decomposition of large quantities of organic matter on the soil surface in addition to minimal 
mixing of soil contributed to high pH under NT relative to CT in the 0-5 cm depth at Burnshill 
(Tables 2.3 and 2.7, Chapter 2). Similar soil acidification with increasing plant biomass inputs 
resulted in lower soil pH under MWM and MOM compared to MFM rotations in the 5-20 cm 
depth in Lenye. The decrease in soil pH on the surface of NT plots relative to CT has been 
attributed to accretion of organic matter and nitrification of ammonium N fertilizers (Tarkalson 
et al., 2006; Garcia et al., 2007).  
Regression analysis in Chapter 2 showed a positive relationship between EC and SOC (R
2
 = 
0.93) in the 0-5 cm depth in Burnshill (Fig. 2.2). This probably implied that increase in SOC 
under MWM and MOM rotations relative to MFM rotation with increase in plant biomass input 
was accompanied by high release of K, Na, Ca and Mg cations associated with salinity (Tables 
2.5 and 2.8, Chapter 2). Effects of tillage and crop rotation on soil EC varied between site and 
depth presumably reflecting the soil differences and the period in which the plots were under the 
proposed soil and crop management practices. No till enhanced soil EC relative to CT in the 0-5 
cm depth in Burnshill while the converse was the case in 5-20 cm depth in Lenye (Table 2.8, 
Chapter 2). The ability of increasing plant biomass production with wheat and oat cover crops to 
reduce soil EC as earlier reported by Veenstra et al. (2008) in USA was only evident in Lenye 
where MWM and MOM rotations reduced EC compared to MFM. The decrease in EC by 6-51 
% from 2005 to 2008 in Burnshill and Lenye could be associated with the observed high decline 
in soil Ca concentration in the same period (Tables 2.2, 2.8 and 5.10).  Regression analysis in 
Chapter 2 showed positive correlation between soil EC and Ca concentration in the 0-5 cm (R
2 
= 
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0.97 and 0.83) and 5-20 cm depth (R
2 
= 0.96 and 0.97) in Burnshill and Lenye, respectively 
(Figs. 2.3a-d).  
 
 7.1.2 Soil bulk density, moisture at capacity and aggregate stability and their linkages to 
soil organic carbon 
 
Reduction in b in MOM relative to MFM rotation in Burnshill could be attributed to the 
observed high SOC accumulation under the former compared to the latter rotation (Tables 2.5 
and 3.1). Similar results of reduction in soil density under grasses and leguminous cover crops 
were reported by Wilson et al. (1982) on an eroded alfisol in Nigeria.  Similarly, high FC under 
MOM compared to MFM rotation was also accompanied by similar differences in SOC between 
the two rotations (Tables 2.5 and 3.2).  
The impact of tillage and rotational cover cropping on soil structural stability was evaluated 
using aggregate MWD determined by FW, SW, MB,  and FSD.  The soil SI index, a quotient of 
aggregate MWD determined by FW and SW as an indicator of aggregate resistance to slaking 
was used to compare soil stability on a scale of zero to one (Amezketa et al., 1996). The MWD 
were classified as follows: < 0.4 mm as very unstable, 0.4 - 0.8 mm unstable, 0-8 – 1.3 mm 
partly stable, 1.3 – 2 mm stable, and > 2 mm as very stable (Le Bissonais, 1996). On the basis of 
aggregate MWD determined by FW, SW and MB, Burnshill soil could be classified as very 
unstable, unstable and partly stable, respectively (Tables 3.3, 3.4 and 3.5) . Similarly, Lenye soil 
could be classified as unstable, partly stable and stable on basis of aggregate MWD determined 
by FW, SW and MB, respectively. The FSD results showed that Lenye had higher percentage of 
fragments > 0.2 mm (macroaggregates) determined by FW, SW and MB than Burnshill under 
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both tillage practices (Figs. 3.1a and b). These results indicate that Lenye soil had high resistance 
to breakdown compared to Burnshill with respect to all the three aggregate stability analytical 
methods used in this study.  High soil aggregate MWD determined by FW under MOM 
compared to MFM rotation in Lenye reflects improved aggregate resistance to breakdown  under 
the MOM rotation (Table 3.3, Chapter 3).  The observed high soil C under MOM rotation 
relative to maize monoculture (Table 2.5, Chapter 2) could have contributed to the soil structural 
stabilization as reported in an earlier study by Maqubela (2009). These results were also 
supported by scanning electron microscope (SEM) results which revealed dense organic coatings 
on soil particles under MOM compared to MFM rotations (Fig.3.2e and f). These results are 
consistent with findings of an earlier study by Dapaah & Vyn (1998) which showed higher soil 
aggregate stability under wheat, clover and barley cover crops than without, on a sandy loam soil 
in Canada. The SI was higher under NT, and was enhanced by MOM rotation relative to the 
MFM and MWM rotations in both sites (Table 3.6, Chapter 3). This could be attributed to 
improved C sequestration under these treatments as SEM results showed more organic C 
coatings and bridges on soil particles under NT and MOM rotation compared to CT and MFM 
rotation (Figs. 3.2a-f). Similar results on improvement of soil structural stability under NT and 
cover crops relative to CT and without cover crops were reported by Ball-Coelho et al. (2000) on 
a loam soil in Canada. The observed higher soil structural stability measurement in Lenye than 
Burnshill  (Tables 3.3-3.6, Chapter 3) could be attributed to the contribution of Fe in 
strengthening soil aggregate stability (Karin et al., 2003) as the former site had higher Fe content 
than the latter (Manyevere, 2010). 
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7.1.3 Selected soil microbial parameters and their linkages to soil organic carbon 
 
The selcted soil microbial parameters were affected by quantities of mineralizable organic C 
substrates as influenced by tillage and crop rotations. High MBC under MOM rotation compared 
to MFM in  the 0-5 cm depth in Burnshill could be attributed to high amounts of  plant biomass 
inputs under the former relative to the latter  crop rotation (Tables 2.5 and 4.1). Similarly the 
higher below ground plant biomass inputs under NT enhanced MBC compared to CT in the 5-20 
cm depth in Burnshill. Similar MBC responses to soil organic C were reported in an earlier study 
by Roldan et al. (2003) in Brazil. However, the reportedly lower decomposition rate of wheat 
residues relative to oat (Kumar & Goh, 2003) may have contributed to lower MBC under MWM 
relative to MOM despite higher organic residue inputs under wheat than oats. The MBC 
response to tillage and crop rotation was more pronounced in Burnshill than Lenye presumably 
due to longer period of interaction between soil and the added organic residues in Burnshill than 
Lenye. The NT maize production in Burnshill was initiated in 2004 under the “Massive Food 
Programme” while the first wheat and oat cover crops under NT and CT in Lenye were only 
established in winter 2006. 
High soil MBN under NT compared to CT in the 0-5 cm depth in Burnshill was closely 
associated with SOC distribution. Similar results on MBN response to tillage were earlier 
reported by Garcia et al. (2000) whereby NT and minimum tillage enhanced MBN compared to 
CT under corn production on vertisols in Brazil. Soil MN was also influenced by plant biomass 
inputs whereby MWM and MOM enhanced this parameter compared to MFM rotation in the 0-5 
cm depth in Burnshill (Tables 2.3 and 4.3).  Similarly, higher MN under NT than CT in the 5-20 
cm in Burnshill and in the 0-5 and 5-20 cm in Lenye could be attributed to high plant biomass 
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inputs under non-tilled compared to tilled soils. Regression analysis, in Chapter 4, showed a 
strong association between MBC and MN (R
2
 = 0.87), and MBN and MN (R
2
 = 0.95) indicating 
the important role of soil biomass in N availability and recycling in terrestrial ecosystems. This is 
in agreement with earlier work by Van Veens et al. (1987) and Okano (1990). 
Soil respiration increased with organic residue inputs in the 0-5 and 5-20 cm depth for tillage and 
crop rotation treatments in Burnshill (Tables 2.3, 2.5 and 4.4). In Lenye, the trends of increasing 
SR with increase in organic residue inputs were more evident for crop rotations than tillage 
treatments in the 0-5 and 5-20 cm depths (Table 4.4, Chapter 4). High organic residue inputs 
under untilled compared to tilled soils may be attributed to high plant biomass retention under 
NT relative to CT. Similarly high cropping intensity of 200 % under the MWM and MOM 
rotations enhanced both below and above ground plant biomass inputs relative to MFM rotation.  
High SR under NT compared to CT has been attributed to high quantities of readily 
decomposable organic substrates under NT compared to CT (Alvarez et al., 1995). Evidence of 
high depletion of mineralizable C pool with soil disturbance was demonstrated by Alkaisi & Yin 
(2005) where CO2 emission under field conditions over a period of 20 days increased in order of  
mouldboard plough > chisel > deep rip > strip tillage > NT under corn-soybean rotation in USA.  
Lenye had more than two-fold higher DHEA compared to Burnshill presumably reflecting an 
onset of increasing microbial activity phase with increasing organic residue inputs as the site had 
been under NT management for 2 compared to 3 years for Burnshill (Table 4.5, Chapter 4).  
High organic residue inputs under NT compared to CT enhanced DHEA under untilled relative 
to tilled soils in Burnshill (Tables 2.3, 2.5 and 4.5). The reportedly lower rate of wheat residue 
decomposition relative to oats probably reduced the quantities of organic substrates with high 
stimulatory effects on enzyme activity resulting in relatively lower DHEA under MWM relative 
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to MFM and MOM rotations in Burnshill and Lenye. There was a strong relationship between 
MBC and DHEA (R
2
 = 0.89), and MBN and DHEA (R
2
 = 0.93) as shown in Chapter 4 (Figs. 
4.2a and b). Dehydrogenase enzyme is involved in transfer of hydrogen from organic substrate to 
the acceptor during decomposition of organic matter (Anderson, 1982). Therefore, DHEA 
reflects the average activity of active biomass population involved in conversion of organic 
residue C into biomass C (Anderson, 1982; Franchini et al., 2007). 
7.1.4 Effects of tillage and crop rotations on maize performance and selected soil 
nutrient concentration 
 
Maize grain yield was higher in 2008 compared to 2007 possibly due to increase in soil nutrient 
levels (N, P and K) and well distributed water supply in the former compared to the latter year 
(Tables 2.2, 5.1, 5.7, 5.8, 5.9 and Figs. 5.1 and 5.2). Low soil P concentration in Burnshill 
compared to Lenye (Table 5.8) possibly contributed to the observed low maize grain yield and 
maize P uptake in Burnshill compared to Lenye (Tables 2.1, 5.2, 5.1 and 5.8). High maize N and 
K uptake in 2007 relative to 2008 in Burnshill and Lenye could be linked to high water supply to 
maize crop through rainfall and supplemental irrigation in the former compared to the latter year 
(Figs. 5.1 and 5.2). The observed influence of both quantity and distribution of water supplied to 
maize on nutrient uptake is consistent with other reports on crop response under rainfed 
conditions (Kibunja et al., 2001; Bationo et al., 2007).  
 Nitrogen and P removal through harvest of above ground plant biomass under MFM, MWM and 
MOM CT in Burnshill may have contributed to reduced soil nutrient concentration under NT 
compared to CT in the 0-5 cm depth in Burnshill (Tables 5.5, 5.6, 5.7 and 5.8, Chapter 5). The 
high soil K concentration under CT compared to NT in Burnshill and Lenye is consistent with 
what has been reported under long-term tillage studies (Edward et al., 1992; Rhoton 2000) and is 
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attributed to better K recycling with tillage compared to NT (Table 5.9, Chapter 5).  The great 
differences in soil P concentration between the 0-5 and 5-20 cm depth compared to N and K 
(Tables 5.7-5.9) is attributed to the low mobility of P compared to other major plant nutrients as 
earlier reported by Gichangi (2007).  
 
7.1.5 Sensitivity of selected soil quality parameters to tillage and crop rotations 
 
Principal component analysis was used to identify parameters which were highly altered by 
tillage and crop rotations. The 18 soil parameters considered in the PCA in the 0-5 cm depth 
comprised of 9, 4 and 5 chemical, physical and biological properties, respectively (Tables 6.1 
and 6.3, Chapter 6). Only chemical and physical parameters were considered in PCA analysis in 
the 5-20 cm depth (Tables 6.2 and 6.4, Chapter 6). Soil organic C related parameters were highly 
sensitive to agronomic management reflecting the impact of tillage and crop rotations on organic 
C as discussed earlier in Chapters 1, 2 and 4. The soil MBC and N are regarded as living 
component of organic matter and their sensitivity to tillage and crop rotations management was 
supported by ANOVA results (Tables 4.1 and 4.2, Chapter 4). Clustering of MWM and MOM 
rotations together at a distance from MFM rotation in HCA revealed that double cropping with 
wheat and oats impacted similarly on soil parameters that were highly sensitive to management 
(Figs. 6.1a-d, Chapter 6).  
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7.2 GENERAL CONCLUSIONS 
 
Generally, the impact of CA practices on soil chemical, physical and biological properties 
becomes more apparent in the long-run and more so in the soil surface layer. However, this study 
has demonstrated that notable positive impacts of the CA practices investigated could be realized 
even in the short term. This was especially the case with the soil biological parameters in the 0-5 
cm depth which showed the greatest response to tillage and rotational cover cropping practices. 
Generally, the effect of tillage on soil properties varied with the type of rotational cover crop. 
These results indicate that: 
1. No till and MWM and MOM rotations enhanced soil C stocks (POM and SOC) in Lenye 
suggesting that these practices have greater potential to improve soil chemical properties 
relative to CT and MFM rotation. 
2. No till increased total nitrogen in the 0-5 cm depth in Burnshill while the MWM and 
MOM rotations increased this parameter in the 5-20 cm depth in Lenye indicating the 
capacity of these practices to enhance soil N supply for crop use relative to CT and MFM 
rotation.  
     3.   The MOM rotation reduced soil b in Burnshill while NT and MOM rotation improved 
soil structural stability as indicated by the stability index (SI) in both sites suggesting that 
these practices have the potential to rehabilitate physically degraded soils commonly 
associated with intensive tillage and monoculture crop production practices. 
4 No till enhanced soil MBC, MBN, MN, SR and DHEA indicating its potential to  
improve the soil biotic activity compared to conventional tillage. Improvements in soil 
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biotic activity could contribute to improved physical and chemical conditions for 
improved crop productivity. 
      5. The MWM and MOM rotations increased MN and SR in the 0-5 and 5-20 cm depths in 
Lenye, and MBC and SR in the 0-5 cm depth in Burnshill indicating the potential of high 
cropping intensity under wheat and oat rotations to enhance soil biological activity 
compared to maize monoculture.  
      6. Crop parameters did not respond to tillage and crop rotations possibly due to the limited 
impact of these practices on soil conditions within the short duration of the experiment. 
The increases in soil N and P concentration observed in the 0-5 cm depth in Burnshill and 
Lenye, however, indicated the long-term potential of NT to increasingly supply these 
plant nutrients compared to CT.  
      7. Principal component analysis showed that SOC, MN, K, P, MBC, MBN, soil aggregate 
MWD determined by slow wetting and b were the parameters most altered by the tillage 
and crop rotation treatments.  Therefore, these parameters could be used in future 
assessments of the impact of CA practices and possibly other agronomic management 
practices on soil chemical, physical and biological properties.    
In general, the results of this short-term study have indicated that adoption of no till coupled with 
rotational cover cropping with wheat or oats would have a positive impact on soil quality and 
crop yields in Zanyokwe Irrigation scheme and possibly other schemes in the Eastern Cape and 
South Africa. Longer term studies, are however, necessary to generate reliable recommendations 
for the CA practices. 
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7.3 RECOMMENDATIONS FOR FUTURE RESEARCH 
 
 
1. The difference in soil C accumulation among crop rotations in this study was attributed to 
relative differences in residue decomposition rates as influenced by their biochemical 
composition. A laboratory incubation study on rate of decomposition of rotational cover 
crops is recommended to substantiate this possibility.  
2. Burnshill had low soil P concentration compared to Lenye at the initiation of this study in 
2005 which was maintained till the end of the study.  There is need to investigate P 
management strategies for optimizing maize yields in Burnshill which is dominated by vertic 
soils. 
3. Rapid decomposition of oat relative to wheat residues may imply rapid release of nutrients 
for use by subsequent crops. This may also imply rapid loss of soil surface cover which is 
important in soil moisture conservation as well as protecting the soil from erosive forces 
associated with wind and rain drop impact. Therefore, there is need to conduct long term 
field studies to establish which of the two cereal cover crops could enhance soil conditions 
for improved crop production. 
4. The N contribution from legume cover crops could improve the performance of subsequent 
cereal crop. However, legumes contribute less to soil C accumulation compared to cereal 
cover crops. There is need to investigate whether mixed cereal/legume cover crops could 
improve both soil C and N for sustainable crop production in low organic C soils.   
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5. Due to differences in shoot/root ratio of crops used in this study, further studies to establish 
the extent to which differences in shoot/root ratio would affect the optimization of below 
ground C accumulation by the MWM and MOM rotations. This may help determine which 
of the two rotations would provide a better option for maintaining soil quality, especially 
under agropastoral systems where above ground plant protions are utilized as fodder for 
livestock. 
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